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δp Hansen polar solubility parameter 
δp ref Reference Hansen polar solubility parameter 
δT Total Hansen solubility parameter 
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1. Introduction 
 
The search for natural sources of bioactive compounds with nutritional interest 
has received widespread attention. Microalgae represent one of the sources that are being 
most studied due to the high number of nutritional compounds within their structure. 
Moreover, research on this field has explored the valorisation of residues from 
mainstream processes. Some of these interesting compounds highlighted with nutritional 
benefits include antioxidants, phenolic compounds and mono (MUFAs), and 
polyunsaturated fatty acids (PUFAs). These target compounds have been commonly 
extracted by using organic solvents; however, this technique is non-selective and has been 
losing attractiveness since it generates products with traces of residual solvent. 
 
This increasing awareness towards the environment and health issues that derive 
from the use of organic solvents has led to the implementation of stronger regulations; 
and for that reason, the use of the supercritical carbon dioxide (sc-CO2) extraction has 
become a commercial and environmentally friendly alternative. The sc-CO2 extraction is 
an important industrial process, enabled by overcoming the poor solvent nature of sc-CO2 
through the addition of entrainers (modifiers or cosolvents). However, choosing an 
appropriate cosolvent is an arduous task, because long and expensive experimental trials 
are needed. To fulfil this demand, the Hansen solubility theory (HST) has arisen as a 
suitable tool to reduce the number of experiments for the selection of a proper cosolvent 
for sc-CO2. 
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On the other hand, products containing bioactive compounds such as those 
obtained in this research thesis could help to cover the nutritional necessities of society 
in terms of health and well-being. Nevertheless, these products do not provide the 
expected health benefits because of their low chemical or biochemical stability and their 
high reactivity. Among the various delivery systems available, biopolymer-based micro- 
and nanocarriers could be designed to transport these compounds to a specific site of 
action with minimal degradation; and the Supercritical Fluid Extraction of Emulsions 
(SFEE) has emerged, harnessing the unique thermodynamic and fluid-dynamic properties 
of sc-CO2, to produce micro- and nanocarriers capable to protect and transport the 
interesting compounds. Additionally, SFEE can be performed in a continuous layout, 
avoiding the problems linked to the batch process. 
 
2. Objectives 
 
The main objective of this research thesis was to selectively obtain, from 
microalgae and an agro-industrial residue, oil extracts rich in bioactive compounds of 
considerable nutritional interest by supercritical fluid extraction with CO2 as the main 
solvent. To do so, the best pre-treatment of the raw material and the best operating 
conditions of the process were selected in order to maximize the extraction yield. 
Moreover, the selectivity of the supercritical fluid regarding the target compound was 
enhanced by using cosolvents chosen via a theoretical solubility model. Finally, the 
potential of the SFEE technology, operating in a continuous layout, was explored in order 
to nanoencapsulate the obtained bioactive compounds. 
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3. A unifying discussion of the results of this thesis 
 
First of all, the process parameters and solid conditions that affected the sc-CO2 
extraction were studied and optimised. To do so, hydroxytyrosol-rich oil extracts from 
alperujo, the solid-liquid waste generated by the current two-phase method of olive oil 
extraction, was extracted by using sc-CO2. The oil extraction yield reached at optimised 
conditions (30 MPa, 323.2 K and 7.5 kg CO2 h
−1 kg biomass−1) by sc-CO2 extraction (13 
%) was close to that obtained by solvent extraction with n-hexane (14 %) and the fatty 
acid profile of the supercritical extracts was similar to that of a commercial extra virgin 
olive oil. Moreover, the supercritical fluid extraction proved to be more selective than the 
solvent extraction, since no hydroxytyrosol was found in the n-hexane extracts. By 
optimising solid conditions, it was found that smaller particle sizes improved extraction 
rate. Sea-sand was mixed with alperujo to enhance the bed porosity. Extractions from 
samples with particle size diameter < 0.80 mm had a 40 % higher oil extraction yield 
compared with the supercritical fluid extraction process involving samples with the whole 
range of particles size. Also, the sample must be dried, because the excess of water creates 
a barrier to mass transfer. The fastest and highest extraction was achieved when the 
sample was dried till a water mass fraction of 1 %, which was the equilibrium moisture 
with the environment humidity in Madrid (average relative humidity of 57 %).  
 
On the other hand, two pressures (20 MPa and 30 MPa) and two temperatures 
(323.2 K and 373.2 K) were assessed to study the influence of operating conditions. The 
increase in pressure improved the oil and the hydroxytyrosol extraction yield, as this is 
directly related to the increase in solvent density and solvent capacity. Temperature 
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played a singular role. Its increase reduced oil extraction yields due to the fact that it 
causes a reduction in CO2 density; however, a higher hydroxytyrosol content was found 
in extracts obtained with the highest temperature (373.2 K), at which the total phenol 
content, and therefore the antioxidant capacity, were uppermost. Moreover, the oil 
extraction yield improved with solvent flow rate, but a minimum residence time was 
required. The optimum was 0.18 kg h-1 (7.5 kg CO2 h
-1 alperujo-1).  
 
This study of solid conditions and operating variables was then extended to 
subsequent supercritical fluid extractions from microalgae (Tetraselmis suecica and 
Dunaliella salina). Even though they were different plant matrices, the model of mass 
transfer from the cells was considered similar to that of alperujo. Due to the small particle 
size (45 μm) and the high total extract content in D. salina (21 % in mass fraction based 
on the Soxhlet extraction), sea-sand was also used in this case to prevent the material bed 
compaction and the formation of preferential channels that reduced the extraction yield. 
Despite the fact that T. suecica had the same particle size (45 μm), no sea-sand was used 
in that case since the low total extract content in the microalgae (3 % in mass fraction 
based on extraction with n-hexane). Finally, by using 18 kg CO2 kg dried D. salina
-1 at 
30 MPa and 328.2 K, roughly 30.5 % of the total extractable oil in the microalgae was 
obtained. In the case of T. suecica, at 305.2 K and 20 MP, 54 kg CO2 kg dried T. suecica
-
1 were needed to obtain 50 % of the total extract.  
 
Afterwards, the prediction of the best cosolvents for sc-CO2 by using the HST to 
achieve the selective extraction of compounds with nutritional interest from microalgae 
was performed. The calculations were made with several organic solvents used in the 
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food and pharmaceutical industry. A cosolvent volume fraction of 5 % (0.05 m3 m-3) was 
used to ensure a supercritical homogeneous mixture. β-carotene and oleic, linoleic and α-
linolenic acids, as examples of valuable carotenoids and fatty acids respectively, were 
used as target compounds for the extractions. The order of the cosolvent ability was 
deduced based on minima Ra values in a wide range of operating conditions suitable for 
supercritical extraction. According to the theory, the lower the value of Ra, the higher the 
miscibility of the compound of interest in the supercritical mixture. The cosolvent order 
depended on the target compound, but in general, ethanol was the best to solubilise all 
the bioactive compounds in sc-CO2. The differences in the Ra values and therefore the 
cosolvent order regarding each compound were mainly due to the different structures of 
the compounds and the operating conditions tested.  
 
Predictions were first validated with bubble pressures of β-carotene, oleic, linoleic 
and α-linolenic acids in sc-CO2 and its mixtures with the different cosolvents. The 
experimental data were obtained in a high-pressure variable volume view cell, following 
the static synthetic method. Experimental results agreed with predictions; however, 
cosolvents with a ring structure performed worse than predicted since the ring avoided 
strong interactions with the solute. As a result, the best cosolvent for the solubilisation of 
the target compounds at the conditions specified was ethanol. Subsequently, the 
estimations were tested against extraction yields of oleic, linoleic and α-linolenic acids 
from T. suecica and β-carotene from D. salina. The addition of a mass fractions of 5 % 
ethanol to sc-CO2 improved the selective extraction of oleic, linoleic and α-linolenic acids 
from T. suecica, which agreed with the predictions based on the Ra values. The obtained 
extract with pure sc-CO2 contained approximately 14.9 %, 3.7 % and 15.7 % of oleic, 
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linoleic and α-linolenic acid, respectively; while the obtained extract with the mixture sc-
CO2 + ethanol contained 53 %, 54 % and 61 % more. On the other hand, with ethanol as 
cosolvent, at 318.2 K and 20 MPa, the carotenoids extraction yield from D. salina was 
more than four times (25 g carotenoids kg microalgae-1) than with pure sc-CO2 (6 g 
carotenoids kg microalgae-1). The justification for why ethanol was the best cosolvent for 
CO2 in both, the solubilization of fatty acids and carotenoids, lies in the increase of the 
dispersion and dipole-dipole interactions.  
 
The Hansen theory was also used to predict the best operation conditions. The 
effect of pressure was well predicted via the direct relationship between pressure and the 
solvent density; however, the impact of temperature was not properly foreseen because 
neither the variation of solute vapour pressure nor mass transfer kinetics were considered. 
This could be a limiting factor in implementing Hansen theory, since both factors play an 
important role in supercritical extractions.  
 
Additionally, the Hansen approach was explored to establish the optimum 
cosolvent concentration. A non-linear miscibility enhancement with increasing cosolvent 
fraction was predicted, being higher at small concentrations and low pressures. This 
behaviour agreed with experimental data and was related to the reduction of the molar 
volume of the solvent mixture with the increase of cosolvent fraction and pressure and; 
to the self-association of the cosolvent molecules occurring at large concentrations. 
However, the impact of the cosolvent concentration depended on the specific interactions 
to the target solute. 
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Lastly, it was studied how to protect the extracts obtained, mainly from oxidation 
and the action of light. For that purpose, encapsulation in a protecting polymer was 
studied using the SFEE technique. As an example, astaxanthin, another extractable 
carotenoid from the microalgae, was encapsulated in ethyl cellulose. In this method, 
astaxanthin and ethyl cellulose were dissolved in ethyl acetate. This formed the organic 
phase of an emulsion in water that was stabilized by a surfactant (Tween 80). Then sc-
CO2 was used to remove the ethyl acetate causing the fast precipitation of ethyl cellulose 
and astaxanthin forming solid aggregates suspended in water. The extraction took place 
in a packing column operating with the CO2 stream in countercurrent flow with the 
emulsion. 
 
After setting the oil in water (O/W) ratio in the emulsion to 20/80 (ethyl 
acetate/water), the micronisation of ethyl cellulose and the impact of its concentration 
(from 1.0 % to 2.5 %) in the organic phase were first studied. Tween 80 concentration in 
the aqueous phase was also varied. By increasing the amount of this surfactant from 0.1 
% to 0.6 %, smaller particles were generated, and aggregation was observed from 0.3 % 
on. By operating at 8 MPa, 311.2 K with a CO2/emulsion ratio of 0.1 and a CO2 flow rate 
of 1.4 kg CO2 h
-1, the optimised formulation (1.0 % ethyl cellulose and 0.1 % Tween 80) 
resulted in spherical smooth particles with narrow mean diameter (PDI of 0.15), 
nanoscale particle size (240 nm) and a polymer mass recovery of about 90 %. Higher 
mean particle size was measured when the bioactive compound was encapsulated (363 
nm), achieving an encapsulation efficiency of 84 % (2.1 10-2 kg astaxanthin kg powder-
1). During the procedure, the antioxidant capacity of astaxanthin was preserved being 
equivalent to 3,900 M Trolox equivalent per kg pure astaxanthin-1 due to the mild 
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conditions of the operation. Finally, an in vitro release evaluation performed in a 
simulated intestinal fluid at pH 7.2 and 310.2 K (physiological temperature), showed a 
fast release rate for the first 6 h but slowed down after about 7 h. As much as 70 % of 
astaxanthin was released after 10 h. 
 
4. Conclusions 
 
The initial solid condition of the raw material to be submitted to supercritical fluid 
extraction is very important to maximize the extraction yield and to improve the quality 
of the extract. On the one side, particles with large diameter hinder the penetration of the 
supercritical solvent and the solubilisation of the solute. However, caution should be 
taken since too small particles could represent a risk of formation of preferential channels 
and blockages during extraction. On the other hand, an insufficient amount of water inside 
the plant material could cause the cell structure to shrink and consequently hinders 
diffusion and reduces yield; whereas an excess of water would represent an extra barrier 
to transport generate the co-extraction of polar substances. For the specific raw materials 
used in this work, small particles (< 0.80 mm) with moisture content in equilibrium with 
the environment in Madrid improved fluid contact and therefore extraction rate. 
Nevertheless, drying demands a considerable amount of energy and milling is a very 
expensive pre-treatment. These operations together with the supercritical extraction itself 
can lead to high production costs; but the oil quality with a high bioactive compounds 
content could be used to formulate nutraceuticals, cosmetics or even pharmaceuticals with 
a high added value. 
 
Abstract 
xxxix 
As expected, the extraction yields significantly increased with pressure, as it is 
directly related to the increase in solvent density and solvent capacity. Temperature, on 
the other hand, plays a very important role in the extraction processes, since its increase 
may reduce oil extraction yields due to a reduction in the sc-CO2 density, but it could also 
improve the extraction of bioactive compounds, if their vapour pressure is high and 
because it has a positive impact on diffusion and kinetics; not to mention that temperature 
could also help to improve the cell opening in vegetable matrices. Therefore, the optimal 
temperature to selectively extract oil extract rich in the bioactive compound should be 
well established in each case as it is not possible to anticipate the temperature impact as 
it affects many different aspects of the thermodynamics and mass transfer. Finally, the 
flow rate rise enhances superficial solvent velocity, which benefits turbulence and reduces 
the film layer of stagnant fluid around the solid, thus increasing the external mass transfer 
coefficients; but an excessively large flow rate lessens the residence time in the extractor, 
which reduces the time for oil solubilization and transport into the bulk of the solvent. 
 
When the yield or the selectivity of the extraction is low, or the operating pressure 
or CO2 consumption are to be reduced, a cosolvent may be added to the supercritical 
solvent. However, considering the economic and practical difficulties involved in 
choosing a cosolvent at supercritical conditions, theoretical evaluations must be 
implemented, and the HST provides a useful estimation. The Hansen approach can be 
used to predict the best cosolvent for sc-CO2 in the solubilization of bioactive compounds 
from natural matrices within a specific interval of operating conditions. Besides, the 
approach is able to predict the non-linear miscibility enhancement with increasing 
cosolvent fraction, which agreed with experimental data and was related to the reduction 
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of the molar volume of the solvent mixture with the increase of pressure and the cosolvent 
fraction and to the self-association of the cosolvent molecules occurring at large 
concentrations.  
 
The Hansen theory also demonstrated that the best cosolvent was not the same 
that under conventional conditions. Interestingly, another fact demonstrated by this theory 
is that a similar benefit cannot be attributed a priori to cosolvents of the same functional 
type. Despite the above, some considerations must be taken into account when 
implementing the theory: i) the stability of the ring in cyclic solvents is not well predicted; 
ii) it takes into account neither the increase of the solute vapour pressure with temperature 
nor the enhancement of the kinetic and iii) when supercritical fluid extractions from 
vegetable matrices are performed, the presence of oil in the system could play an 
important role as matrix cosolvent. 
 
Finally, the SFEE technology is an effective tool for the micronisation ethyl 
cellulose and to encapsulate astaxanthin within it. The use of a packed column offers the 
possibility of a high production capacity of nanoparticles with a small volume plant in 
only a few minutes, along with greater product homogeneity and recovery. Moreover, it 
is possible by tuning the initial emulsion formulation to obtain ethyl cellulose particles of 
varied sizes within a narrow distribution and low polydispersity. The technique 
demonstrates its effectiveness in encapsulating the bioactive compound without 
compromising its antioxidant activity and provided an adequate structure for its 
subsequent controlled release; however, some drawbacks should be taken into account 
when considering this technology: a) materials are obtained in aqueous suspensions that 
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should be dried off if solid particles are required; b) the toxicological hazards related to 
the addition of nanoparticles in food has yet to be reviewed; c) consumption of CO2 to 
exhaust the organic solvent could be quite high; d) after CO2 and organic solvent 
separation, the CO2 should be recycled and e) SFEE is strongly protected by patents which 
could jeopardize its commercialization. To evaluate the feasibility of commercial 
production by using this technology it would be essential to conduct a rigorous economic 
evaluation. 
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1. Introducción 
 
La búsqueda de fuentes naturales de compuestos bioactivos de interés nutricional 
ha recibido una amplia atención. Las microalgas representan una de las fuentes más 
estudiadas debido al elevado número de compuestos nutricionales dentro de su estructura. 
La investigación en este campo también ha explorado la valorización de residuos desde 
procesos convencionales. Entre los compuestos de interés destacados con beneficios 
nutricionales están los antioxidantes, fenólicos y ácidos grasos mono (AGMI) y 
poliinsaturados (AGPI). Estos compuestos se han extraído comúnmente utilizando 
disolventes orgánicos; sin embargo, esta técnica no es selectiva y ha ido perdiendo 
atractivo, ya que genera productos con trazas residuales de disolvente. 
 
Esta creciente conciencia hacia el medio ambiente y la salud que se deriva del uso 
de disolventes orgánicos ha llevado a la implementación de regulaciones más estrictas; y 
por esa razón, el uso de la extracción con dióxido de carbono supercrítico (sc-CO2) se ha 
convertido en una alternativa comercial y amigable con el medio ambiente. La extracción 
con sc-CO2 es un importante proceso industrial, que se consigue superando el bajo poder 
disolvente del sc-CO2 mediante la adición de entrainers (modificadores o cosolventes). 
Sin embargo, la elección de un cosolvente adecuado es una tarea ardua, ya que se 
necesitan largos y costosos ensayos experimentales. Para satisfacer esta demanda, se 
propone la teoría de solubilidad de Hansen (TSH) como una herramienta adecuada para 
reducir el número de experimentos para la selección de un cosolvente adecuado para el 
sc-CO2. 
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Por otro lado, los productos que contienen compuestos bioactivos como los 
obtenidos en esta tesis de investigación podrían ayudar a cubrir las necesidades 
nutricionales de la sociedad en términos de salud y bienestar. Sin embargo, estos 
productos no proporcionan los beneficios para la salud esperados debido a su baja 
estabilidad química o bioquímica y a su alta reactividad. Entre los diversos sistemas de 
suministro disponibles, se podrían diseñar micro y nanotransportadores basados en 
biopolímeros para transportar estos compuestos a un sitio específico de acción con una 
degradación mínima. Para ello, ha surgido la Extracción Supercrítica de Emulsiones 
(ESE), aprovechando las propiedades termodinámicas y fluidodinámicas únicas del sc-
CO2 para producir micro y nanotransportadores capaces de proteger y transportar los 
compuestos de interés. Además, la ESE se puede realizar en una disposición continua, 
evitando los problemas relacionados con el procesado por lotes. 
 
2. Objetivos 
 
El objetivo principal de esta tesis de investigación fue obtener selectivamente, a 
partir de microalgas y un residuo agroindustrial, extractos de aceite ricos en compuestos 
bioactivos de considerable interés nutricional mediante la extracción con fluidos 
supercríticos (EFS), usando CO2 como principal disolvente. Para ello, se seleccionó el 
mejor pretratamiento de la materia prima y las mejores condiciones de operación del 
proceso para maximizar el rendimiento de extracción. Además, la selectividad del gas 
supercrítico con respecto al compuesto objetivo se mejoró mediante el uso de cosolventes 
elegidos mediante un modelo teórico de solubilidad. Finalmente, se exploró el potencial 
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de la tecnología ESE, operando en disposición continua, para nanoencapsular los 
compuestos bioactivos obtenidos. 
 
3. Discusión integradora de los resultados de esta tesis 
 
En primer lugar, se estudiaron y optimizaron los parámetros del proceso y las 
condiciones del sólido que afectaron la extracción con sc-CO2. Para ello, se extrajeron 
con sc-CO2 los extractos de aceite ricos en hidroxitirosol del alperujo, el residuo sólido-
líquido generado por el actual sistema de extracción de aceite de oliva de dos fases. El 
rendimiento de extracción de aceite alcanzado en condiciones optimizadas (30 MPa, 
323,2 K y 7,5 kg CO2 h
-1 kg biomasa-1) mediante la extracción con sc-CO2 (13 %) fue 
similar al obtenido mediante la extracción Soxhlet con n-hexano (14 %) y el perfil de 
ácidos grasos de los extractos supercríticos fue similar al de un aceite de oliva virgen 
extra comercial. Además, la extracción supercrítica demostró ser más selectiva que la 
extracción convencional con disolvente orgánico, ya que no se encontró hidroxitirosol en 
los extractos obtenidos con n-hexano. Al optimizar las condiciones del sólido, se encontró 
que tamaños de partículas más pequeños mejoraban la tasa de extracción. El alperujo se 
mezcló con arena de mar para mejorar la porosidad del lecho. Las extracciones a partir 
de muestras con un diámetro de tamaño de partícula < 0,80 mm tuvieron un rendimiento 
de extracción de aceite un 40% mayor en comparación con el proceso EFS en el que se 
usaron muestras con todo el rango de tamaño de partículas. Además, la muestra debía 
estar seca, ya que el exceso de agua creó una barrera para la transferencia de masa. La 
extracción más rápida y máxima se consiguió cuando el alperujo se secó hasta una 
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fracción másica de agua del 1 %, que era la humedad en equilibrio con la humedad 
ambiental de Madrid.  
 
Por otro lado, se evaluaron dos presiones (20 MPa y 30 MPa) y dos temperaturas 
(323,2 K y 373,2 K) para estudiar la influencia de las condiciones de proceso. El aumento 
de la presión mejoró el rendimiento de extracción del aceite y del hidroxitirosol, ya que 
está directamente relacionado con el aumento de la densidad y la capacidad disolvente. 
La temperatura jugó un papel complejo. Su aumento redujo los rendimientos de 
extracción de aceite debido a que provocó una reducción de la densidad del CO2; sin 
embargo, se encontró un mayor contenido de hidroxitirosol en los extractos obtenidos a 
la temperatura más alta (373.2 K), en los que el contenido total de fenoles, y por lo tanto 
la capacidad antioxidante, fueron los más altos. Además, el rendimiento de extracción de 
aceite mejoró con el caudal de disolvente, pero se requería un tiempo mínimo de 
residencia. El óptimo fue de 0,18 kg h-1 (7,5 kg CO2 h
-1 alperujo-1).  
 
Este estudio de condiciones del sólido y variables de operación se extendió luego 
a las extracciones supercríticas posteriores a partir de microalgas (Tetraselmis suecica y 
Dunaliella salina). A pesar de ser matrices vegetales diferentes, el modelo de 
transferencia de masa desde las células se consideró similar al del alperujo. Debido al 
pequeño tamaño de las partículas (45 μm) y al alto contenido de extracto total en D. salina 
(21 % en fracción másica, basada en extracción Soxhlet), la arena de mar también se 
utilizó en este caso para evitar la compactación del lecho y la formación de canales 
preferentes que redujeran el rendimiento de extracción. A pesar de que T. suecica tenía el 
mismo tamaño de partícula (45 μm), no se utilizó arena de mar en ese caso, ya que el bajo 
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contenido de extracto total en la microalga (3 % en fracción másica, basada en extracción 
con n-hexano). Finalmente, utilizando 18 kg de CO2 kg de D. salina seca
-1 a 30 MPa y 
328,2 K, se obtuvo aproximadamente el 30,5 % del aceite total extraíble en la microalga. 
En el caso de T. suecica, a 305,2 K y 20 MPa se necesitaron 54 kg CO2 kg de T. suecica 
seca-1 para obtener el 50 % del extracto total contenido en la microalga.  
 
A continuación, se realizó la predicción de los mejores cosolventes para sc-CO2 
utilizando la TSH para conseguir la extracción selectiva de compuestos con interés 
nutricional a partir de microalgas. Los cálculos se realizaron con varios disolventes 
orgánicos utilizados en la industria alimentaria y farmacéutica. Se utilizó una fracción 
volumétrica de cosolvente del 5 % (0,05 m3 m-3) para asegurar una mezcla supercrítica 
homogénea. Se usaron β-caroteno y los ácidos oleico, linoleico y α-linolénico, como 
ejemplos de valiosos carotenoides y ácidos grasos respectivamente, como compuestos 
objetivo para las extracciones. El orden de la capacidad cosolvente se dedujo en base a 
valores mínimos de Ra en un amplio rango de condiciones de operación adecuadas para 
la extracción supercrítica. Según la teoría, cuanto menor es el valor de Ra, mayor es la 
miscibilidad del compuesto de interés en la mezcla supercrítica. El orden cosolvente 
dependió del compuesto objetivo, pero en general, el etanol fue el mejor para solubilizar 
todos los compuestos bioactivos en sc-CO2. Las diferencias en los valores de Ra y, por lo 
tanto, en el orden cosolvente de cada compuesto se debieron principalmente a las 
diferentes estructuras de los compuestos y a las condiciones de operación evaluadas. 
 
Las predicciones se validaron primero con presiones de burbuja de β-caroteno y 
ácidos oleico, linoleico y α-linolénico en sc-CO2 y sus mezclas con los diferentes 
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cosolventes. Los datos experimentales se obtuvieron en una celda de visión de volumen 
variable de alta presión, siguiendo el método sintético estático. En general, los resultados 
experimentales estuvieron de acuerdo con las predicciones; sin embargo, los cosolventes 
con una estructura de anillo se desempeñaron peor de lo previsto ya que el anillo evitó 
fuertes interacciones con el soluto. Como resultado, el mejor cosolvente para la 
solubilización de los compuestos objetivo en las condiciones especificadas fue el etanol. 
Posteriormente, las estimaciones se contrastaron con los rendimientos de extracción de 
los ácidos oleico, linoleico y α-linolénico desde Tetraselmis suecica y β-caroteno a partir 
Dunaliella salina. La adición de una fracción másica de etanol del 5 % al sc-CO2 mejoró 
la extracción selectiva de los ácidos oleico, linoleico y α-linolénico desde T. suecica, lo 
que coincidió con las predicciones basadas en los valores de Ra. El extracto obtenido con 
sc-CO2 contenía aproximadamente 14,9 %, 3,7 % y 15,7 % de ácido oleico, linoleico y 
α-linolénico, respectivamente; mientras que el extracto obtenido con la mezcla sc-CO2 + 
etanol contenía 53 %, 54 % y 61 % más. Por otro lado, con el etanol como cosolvente, a 
318,2 K y 20 MPa, el rendimiento de extracción de carotenoides desde D. salina fue 
cuatro veces mayor (25 g de carotenoides kg microalgas-1) que con sc-CO2 solo (6 g de 
carotenoides kg microalga-1). La justificación de por qué el etanol fue el mejor cosolvente 
para el CO2 tanto en la solubilización de los ácidos grasos como en la de los carotenoides 
radica en el aumento de las interacciones de dispersión y dipolo-dipolo.  
 
La teoría de Hansen también se utilizó para predecir las mejores condiciones de 
operación. El efecto de la presión se predijo bien a través de la relación directa entre la 
presión y la densidad del disolvente; sin embargo, el impacto de la temperatura no se 
previó adecuadamente porque no se tuvieron en cuenta ni la variación de la presión de 
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vapor del soluto ni la cinética de transferencia de masa. Esto podría ser un factor limitante 
en la implementación de la teoría de Hansen, ya que ambos factores juegan un papel 
importante en las extracciones supercríticas.  
 
Además, se exploró el enfoque de Hansen para establecer la concentración óptima 
de cosolventes. Se predijo una mejora no lineal de la miscibilidad con el aumento de la 
fracción cosolvente, siendo mayor en pequeñas concentraciones y bajas presiones. Este 
comportamiento coincidió con los datos experimentales y se relacionó con la reducción 
del volumen molar de la mezcla a medida que aumentaba la fracción de cosolvente y la 
presión; y con la autoasociación de las moléculas de cosolventes, la cual se produce más 
fácilmente a mayores concentraciones. Sin embargo, el impacto de la concentración de 
cosolventes dependía de las interacciones específicas del soluto objetivo. 
 
Por último, se estudió cómo proteger los extractos obtenidos, principalmente de 
la oxidación y de la acción de la luz. Para ello, se estudió la encapsulación en un polímero 
protector mediante la técnica ESE. Como ejemplo, la astaxantina, otro carotenoide 
extraíble de microalga, se encapsuló en etilcelulosa. En este método, la astaxantina y la 
etilcelulosa se disolvieron en acetato de etilo. Esto formó la fase orgánica de una emulsión 
en agua que fue estabilizada por un surfactante (Tween 80). Luego se utilizó sc-CO2 para 
eliminar el acetato de etilo, lo que provocó la rápida precipitación de etilcelulosa y 
astaxantina, formando agregados sólidos suspendidos en agua. La extracción se llevó a 
cabo en una columna de relleno que operaba con el flujo de CO2 en contracorriente con 
la emulsión. 
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Después de establecer la relación aceite en agua (O/W) en la emulsión a 20/80 
(acetato de etilo/agua), se estudió en primer lugar la micronización de la etilcelulosa y el 
impacto de su concentración (de 1,0 % a 2,5 %) en la fase orgánica. La concentración de 
Tween 80 en la fase acuosa también fue variada. Al aumentar la cantidad de este 
tensioactivo de 0,1 % a 0,6 %, se generaron partículas más pequeñas y se observó una 
agregación de 0,3 % en adelante. Operando a 8 MPa, 311,2 K con una relación 
CO2/emulsión de 0,1 y un caudal de CO2 de 1,4 kg CO2 h
-1, la formulación optimizada 
(1,0 % de etilcelulosa y 0,1 % de Tween 80) dio como resultado partículas lisas y esféricas 
con un diámetro medio estrecho (PDI de 0,15), un tamaño de partícula a nanoescala (240 
nm) y una recuperación de la masa del polímero de aproximadamente el 90 %. Se midió 
un mayor tamaño medio de partículas cuando se encapsuló el compuesto bioactivo (363 
nm), alcanzando una eficacia de encapsulación del 84 % (2,1 10-2 kg de astaxantina kg de 
sólido-1). Durante el procedimiento, la capacidad antioxidante de la astaxantina fue 
preservada, siendo equivalente a 3.900 M Trolox equivalentes por kg de astaxantina pura-
1 debido a las suaves condiciones de operación. Finalmente, una evaluación de liberación 
in vitro realizada en un líquido intestinal simulado a pH 7,2 y 310,2 K (temperatura 
fisiológica), mostró una rápida tasa de liberación de la astaxantina durante las primeras 6 
h, la cual se ralentizó después de unas 7 h. Finalmente, hasta un 70 % de astaxantina fue 
liberado después de 10 h. 
 
4. Conclusiones 
 
El estado inicial de la materia prima a ser sometida a EFS es muy importante para 
maximizar el rendimiento de extracción y mejorar la calidad del extracto. Por un lado, las 
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partículas de gran diámetro dificultan la penetración del disolvente supercrítico y la 
solubilización del soluto. Sin embargo, se debe tener cuidado, ya que partículas 
demasiado pequeñas podrían representar un riesgo de formación de canales preferenciales 
y obstrucciones durante la extracción. Por otro lado, una cantidad insuficiente de agua en 
el interior del material vegetal podría hacer que la estructura celular se encoja y, en 
consecuencia, dificulte la difusión y reduzca el rendimiento; mientras que un exceso de 
agua representaría una barrera adicional para el transporte, lo que generaría la co-
extracción de sustancias polares. Para las materias primas específicas utilizadas en este 
trabajo, pequeñas partículas (< 0,80 mm) con contenido de humedad en equilibrio con el 
medio ambiente en Madrid mejoraron el contacto con el fluido y por lo tanto la tasa de 
extracción. Sin embargo, el secado requiere una cantidad considerable de energía y la 
molienda es un pretratamiento muy costoso. Estas operaciones, junto con la extracción 
supercrítica propiamente dicha, pueden dar lugar a elevados costes de producción; pero 
la calidad del aceite con un alto contenido en compuestos bioactivos podría utilizarse para 
formular nutracéuticos, cosméticos o incluso productos farmacéuticos con un alto valor 
añadido. 
 
Como era de esperar, el rendimiento de la extracción aumentó significativamente 
con la presión, ya que está directamente relacionado con el aumento de la densidad y la 
capacidad de disolvente. La temperatura, por otro lado, jugó un papel muy importante en 
los procesos de extracción, ya que su aumento puede reducir los rendimientos de 
extracción de aceite debido a la reducción de la densidad de sc-CO2, pero también podría 
mejorar la extracción de compuestos bioactivos, si su presión de vapor es alta y porque 
tiene un impacto positivo en la difusión y la cinética; por no mencionar que la temperatura 
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también podría ayudar a mejorar la apertura de las células en las matrices vegetales. Por 
lo tanto, la temperatura óptima para extraer selectivamente el extracto de aceite rico en el 
compuesto bioactivo debe estar bien establecida en cada caso, ya que no es posible 
anticipar el impacto de la temperatura, debido a que afecta muchos aspectos diferentes de 
la termodinámica y la transferencia de masa. Finalmente, el aumento del caudal aumenta 
la velocidad superficial del solvente, lo que beneficia la turbulencia y reduce la capa de 
película de fluido alrededor del sólido, aumentando así los coeficientes de transferencia 
de masa externa; pero un caudal excesivamente grande disminuye el tiempo de residencia 
en el extractor, lo que reduce el tiempo de solubilización del aceite y su transporte a la 
fase global del disolvente. 
 
Cuando el rendimiento o la selectividad de la extracción es baja, o cuando la 
presión de funcionamiento o el consumo de CO2 deben reducirse, se puede añadir un 
cosolvente al disolvente supercrítico. Sin embargo, considerando las dificultades 
económicas y prácticas involucradas en la elección de un cosolvente en condiciones 
supercríticas, se deben implementar evaluaciones teóricas, y la TSH proporciona una 
estimación útil. El enfoque de Hansen puede ser usado para predecir el mejor cosolvente 
para sc-CO2 en la solubilización de compuestos bioactivos de matrices naturales dentro 
de un intervalo específico de condiciones de operación. Además, el enfoque es capaz de 
predecir la mejora no lineal de la miscibilidad con el aumento de la fracción cosolvente, 
lo que concuerda con los datos experimentales y está relacionado con la reducción del 
volumen molar de la mezcla con el aumento de la presión y de la fracción de cosolvente; 
y con la auto-asociación de las moléculas cosolventes que se producen en grandes 
concentraciones. 
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La teoría de Hansen también demostró que el mejor cosolvente no era el mismo 
que en condiciones convencionales. Curiosamente, otro hecho demostrado por esta teoría 
es que un beneficio similar no puede atribuirse a priori a los cosolventes del mismo tipo 
funcional. A pesar de lo anterior, se deben tener en cuenta algunas consideraciones a la 
hora de implementar la teoría: i) la estabilidad del anillo en disolventes cíclicos no se 
predice bien; ii) no tiene en cuenta ni el aumento de la presión de vapor del soluto ni la 
mejora de la cinética con la temperatura y iii) cuando se realiza EFS a partir de matrices 
vegetales, la presencia de aceite en el sistema podría jugar un papel importante como 
cosolvente de la matriz sólida. 
 
Por último, la tecnología ESE es una herramienta eficaz para la micronización de 
la etilcelulosa y para encapsular la astaxantina en su interior. El uso de una columna de 
relleno ofrece la posibilidad de una alta capacidad de producción de nanopartículas con 
una planta de pequeño volumen en pocos minutos, junto con una mayor homogeneidad y 
recuperación del producto. Además, es posible afinar la formulación inicial de la 
emulsión para obtener partículas de etilcelulosa de tamaños variados dentro de una 
distribución estrecha y baja polidispersidad. La técnica probó su eficacia en la 
encapsulación del compuesto bioactivo sin comprometer su actividad antioxidante y 
proporcionó una estructura adecuada para su posterior liberación controlada; sin 
embargo, se deben tener en cuenta algunos inconvenientes al considerar esta tecnología: 
a) los materiales se obtienen en suspensiones acuosas que deben secarse si se requieren 
partículas sólidas; b) los riesgos toxicológicos relacionados con la adición de 
nanopartículas en los alimentos aún no han sido revisados; c) el consumo de CO2 para 
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agotar el disolvente orgánico podría ser bastante elevado; d) luego de la separación del 
CO2 y el disolventes orgánicos, el CO2 debería reciclarse y e) la ESE está fuertemente 
protegida por patentes que podrían poner en peligro su comercialización. Para evaluar la 
viabilidad de la producción comercial mediante el uso de esta tecnología, sería esencial 
realizar una evaluación económica rigurosa. 
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Increasing work, living speed, stress, and various psychological pressures have 
changed drastically the current lifestyles of human beings. All these aspects have led to a 
bigger incidence of increasingly common illnesses nowadays, such as diabetes, obesity, 
various cancers and vascular diseases. For this reason, natural products and health-promoting 
foods have received widespread attention in the world population [1]. 
 
To improve the quality of life and avoid these illnesses, people are trying to change 
eating habits by increasing consumption of vegetables, fruits, dietary supplements, 
nutraceuticals, phytotherapeutic substances and other foods with potential health benefits for 
the consumer, either to maintain a healthy lifestyle or obtain therapeutic results. For this 
reason, the demand for bioactive compounds from natural sources is increasing [2].  
 
Microalgae represent one of these sources that are being studied due to the high 
amounts of bioactive compounds within their structure. Some of these valuable compounds 
include carotenoids, mono (MUFAs) and polyunsaturated fatty acids (PUFAs), phenolic 
compounds and others [3]. In addition, research on this field has also explored the 
valorisation of residues from mainstream processes, such as the isolation of organic 
compounds with high added values from agro-industrial solid wastes [4]. 
 
1.1 Bioactive compounds 
 
Apart from providing nutrients, the food contains a series of non-nutritive substances 
involved in the secondary metabolism of the plant kingdom. These ingredients could be 
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pigments, aromatics constituents and growth regulators, which work as natural protectors 
against parasites and other external agents. They do not have a classically defined nutritional 
function but can have a significant impact on the course of a disease. These substances may 
be known as phytochemicals or bioactive compounds [5]. Some of them cannot be considered 
essential substances in the diet of human beings, since they are not required for our 
metabolism, but they are indispensable in the long term for our health. They work by 
providing a protective effect on the cardiocirculatory system, reducing blood pressure, 
regulating blood sugar and cholesterol, reducing the risk of cancer and improving the immune 
defensive response of our body [6]. 
 
These bioactive compounds act on human metabolism and cause beneficial effects on 
health, generally associated with their action on the expression of genes, such as antioxidants, 
anti-inflammatories, anticarcinogenic or chemopreventives, immunomodulators, 
neuroprotectors, fat metabolism regulators, among others [7]. They can also influence 
gastrointestinal health, such as probiotics and prebiotics, or other functions of the body, such 
as the nervous system, through the modulation of appetite and satiety, or the ability to learn, 
the memory and mood. Basically, they could help to prevent disease and maintain health. 
Consequently, the effect of these dietary factors on health promotion and disease prevention 
is a topic of great attention in current research [8]. 
 
As mentioned before, bioactive compounds are in the limelight of research 
laboratories in the pharmaceutical and food industries. In the scientific literature, this field of 
research is called functional foods [9], a concept which was first coined in Japan in 1984 
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when the Japanese government allocated research funds for studying functional food or 
Foods for Specific Health Uses (FOSHU) and defined as “food products fortified with special 
constituents that possess advantageous physiological effects” [9]. Afterwards, when 
functional food science migrated to Europe, researchers defined functional food using the 
statement that “food products can only be considered functional if together with the basic 
nutritional impact it has beneficial effects on one or more functions of the human organism 
thus either improving the general and physical conditions or/and decreasing the risk of the 
evolution of diseases” [10].  
 
Currently, there is no official definition of functional foods common to all the 
countries, but the European Union project called Functional Food Science in Europe 
(FUFOSE) [11] gives an appropriate working definition: “A food can be regarded as 
functional if it is satisfactorily demonstrated to affect beneficially one or more target 
functions in the body, beyond adequate nutritional effects, in a way that is relevant to either 
an improved state of health and well-being and/or reduction of risk of disease. Functional 
foods must remain foods and they must demonstrate their effects in amounts that can 
normally be expected to be consumed in the diet: they are not pills or capsules, but part of a 
normal food pattern”. 
 
According to the Joint Research Centre of the Institute for Prospective Technological 
Studies from the European Commission [12], due to limited data and differences in 
definitions, information and figures on the absolute size of the bioactive compounds market 
within the European Union and globally are not consistent across different studies and reports 
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and vary widely. However, the global bioactive ingredient market is expected to reach more 
than € 45 billion by 2024 while the estimates for the European Union market was worth, 
roughly speaking, € 6 billion in 2018 and estimated to be growing at a compound annual 
growth rate (CAGR) of 7 %, to reach € 9 billion by 2024. The United States, for its part, 
ranks first in consumption with around € 7 billion in 2018 and almost € 11 billion by 2024 
[13]. Thus, the information from all sources indicates consistently that this market is growing 
and that it is expected to continue to do so for the foreseeable future. Industry sources and 
reports confirm that new products are constantly marketed, and new target groups are 
targeted [12]. 
 
A wide range of bioactive compounds have been studied in this research thesis. Most 
of them came from microalgae and, in another particular case, from alperujo, the solid-liquid 
waste generated by the current two-phase method of olive oil extraction. In the case of 
compounds of interest from microalgae, β-carotene, astaxanthin and oleic (C18:1 cis-9; ω-
9), linoleic (C18:2 cis-9,12; ω-6) and α-linolenic (C18:3 cis-9,12,15; ω-3) acids were studied. 
On the other hand, hydroxytyrosol-rich oil from alperujo was obtained.  
 
In this thesis, the selective extraction of hydroxytyrosol from alperujo (Publication 
I), high-value fatty acids from Tetraselmis suecica (Publication III) and β-carotene from the 
microalgae Dunaliella salina (Publication IV) was explored. The selective extraction of the 
compounds was achieved by using a theoretical approach (Publication II, III and IV) and 
finally; the encapsulation of astaxanthin (Publication V), which main natural source is the 
microalgae Haematococcus pluvialis, was also accomplished. In conclusion, model 
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compounds from the group of phenols (hydroxytyrosol), carotenoids (β-carotene and 
astaxanthin) and fatty acids (oleic, linoleic and α-linolenic acids) were studied. 
 
1.2 Microalgae as a source of bioactive compounds 
 
Microalgae are microscopic organisms (2 μm - 200 μm), photosynthetic and 
eukaryotes, able to grow in an autotrophic or heterotrophic way. In general, they are highly 
efficient in carbon dioxide (CO2) fixation and the use of solar energy to produce biomass. 
They are found in all water sources, such as lakes, seas and rivers, but they are not restricted 
only to water. They are also available in the soil and most terrestrial environments, even in 
the most extreme ones, which allows them to be found widely distributed in the biosphere, 
adapted to a large number of conditions [14]. 
 
Microalgae are rich in a wide range of bioactive compounds that are able to meet the 
needs of the population for nutrients and energy. Various processes have demonstrated the 
potential of these microorganisms in the food, feed, cosmetics and pigment and additive 
production industries [15]. One of the most interesting reasons is that microalgae do not 
compete with food crops because they do not require arable land and can use wastes as 
nutrients for development [14]. 
 
Some of the health-enhancing ingredients contained in these microorganisms are 
carotenoids, fatty acids, dietary fibres, phenolic compounds, flavonoids and sterols [16]. The 
antioxidant, antimicrobial and antiviral properties of these bioactive compounds have been 
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widely observed in the literature [15] and today, there is increasing interest in the use of these 
antioxidants in foods, as they have been shown to have important beneficial effects on health 
[17]. 
 
1.2.1 Carotenoids 
 
Carotenoids have been receiving increasing attention due to their potential health 
benefit and microalgae are recognized as a natural source [18]. They are a class of organic 
pigments from the group of isoprenoids, with the main chain of 40 carbon atoms. These 
compounds represent highly important pigments thanks to their numerous biological 
functions. They are fat-soluble and therefore, present high solubility in non-polar solvents 
[19]. The anti-oxidants astaxanthin, β-carotene, lutein, lycopene, and canthaxanthin are the 
major carotenoids of commercial value found in microalgae [18]. 
 
β-carotene is one of the main types of carotenes (a specific type of carotenoids which 
are completely composed by hydrocarbons and without oxygen within their structure) and it 
is mainly known for being a natural precursor of vitamin A. It is a high-molecular-weight 
compound that is formed by a hydrocarbon chain (C40H56). It is easily degradable by light, 
heat and air, and its colour can vary from yellow to dark red, depending on its pureness, 
source and location [20]. One of the main sources of this compound is the microalga D. 
salina, a unicellular green microalga that can produce and accumulate β-carotene in response 
to stress conditions. Up to 14 % of its dry body mass could be β-carotene, more than any 
other organism that produces the compound [21]. This microorganism produces β-carotene 
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in response to UV stress and localizes it to lipid droplets within its chloroplasts. In that 
location, it is able to absorb and neutralize the damaging oxygen radicals produced from 
excessive UV and sun exposure [22]. Figure 1.1 shows the structure of β-carotene. 
 
 
Figure 1.1. Structure of β-carotene. 
 
The estimated global market size for β-carotene was valued at over € 375 million in 
2015 and is likely to exceed € 440 million in 2023, growing at a CAGR of more than 3 % 
from 2016 to 2023. Europe β-carotene market size was the largest due to the presence of key 
countries such as France and Germany [23]. 
 
Astaxanthin (3,3′-dihydroxy-β,β′-carotene-4-dione), on the other hand, belongs to the 
xanthophyll family of carotenoids and the presence of a terminal hydroxyl and ketones in the 
ionone rings causes the esterification ability, antioxidant activity, and greater polar 
configuration of these compounds compared to other carotenoids. It is an oxycarotenoid with 
a molecular weight of 0.597 kg mol-1; and its molecule is highly unsaturated and sensitive to 
high temperatures, light, and oxidative conditions [24]. Many studies have reported the high 
antioxidant capacity of astaxanthin, compared to other carotenoids, due to the presence of 
keto groups at the 4 and 4′ position and hydroxyl groups at the 3 and 3′ position in the β-
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ionone ring [25]. More details about the structure of astaxanthin can be visualized in Figure 
1.2. 
 
 
Figure 1.2. Structure of astaxanthin. 
 
The astaxanthin market size was over € 485 million in 2017 and is estimated to exhibit 
over 4.8 % CAGR from 2018 to 2024 [26]. Recently, its application has gained popularity as 
a nutraceutical and a medicinal ingredient for the prevention and treatment of various 
diseases such as cancer [27], age-related macular degeneration [28], inflammation [29], 
Helicobacter pylori infection [29] and cardiovascular oxidative stress [30], as well as for 
general enhancement of immune responses [31]. 
 
The source of astaxanthin can be natural or synthetic. The synthetic comes from 
petrochemicals, whereas the natural is derived from marine microalgae, red yeast and many 
other plant and animal sources. However, it is mainly found in the microalgae H. pluvialis. 
Natural astaxanthin has been proven to be over 50 times stronger than synthetic astaxanthin 
in singlet oxygen quenching and approximately 20 times stronger in free radical elimination 
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[32]. Moreover, natural astaxanthin has been widely used over the last 15 years as a human 
nutraceutical supplement, after extensive safety data and several health benefits were 
established. Synthetic astaxanthin, which is synthesised from petrochemicals, has been used 
as a feed ingredient, primarily to pigment the flesh of salmonids. However, synthetic 
astaxanthin has never been demonstrated to be safe for use as a human nutraceutical 
supplement and has not been tested for health benefits in humans [32]. For this reason and 
considering that the objective of this thesis was to produce food-grade products, the 
astaxanthin used in this thesis (Publication V) came from vegetable and non-synthetic 
sources. 
 
1.2.2 Fatty acids 
 
Fatty acids are divided into two main groups according to their structural 
characteristics: saturated fatty acids (SFA) and unsaturated fatty acids (UFA). The latter, 
depending on their degree of unsaturation, can be classified as MUFAs and PUFAs. 
Depending on the position of the double bond, counting from the extreme carbon to the 
carboxylic functional group, MUFAs and PUFAs can be classified into three main series: 
omega-9 (ω-9) fatty acids (first double bond in carbon 9), omega-6 (ω-6) fatty acids (first 
double bond in carbon 6) and omega-3 (ω-3) fatty acids (first double bond in carbon 3) [33]. 
ω-9 fatty acids are not essential, because humans can introduce an unsaturation to an SFA in 
that position. In this way, oleic acid (C18:1 cis-9), for example, to which beneficial 
nutritional properties are attributed (as the main fatty acid in olive oil), does not need to be 
present in human diet. Even though, its consumption is recommended because, as well as 
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other ω-9 fatty acids, oleic acid helps to reduce the risk of heart diseases by raising levels of 
high-density lipoprotein and lowering low-density lipoprotein [34]. It is not the same with 
ω-3 and ω-6 fatty acids since our organism cannot introduce unsaturations in these positions. 
In this way, fatty acids such as linoleic (C18:2 cis-9,12) and α-linolenic acid (C18:3 cis-
9,12,15) are essential; so our diet is required to contain them in well-determined proportions 
as their lack or imbalance in intake produces serious metabolic alterations [35]. 
 
 
 
a) b) 
 
c) 
Figure 1.3. Structure of the fatty acids studied in this thesis: oleic (a), linoleic (b) and α-
linolenic (c) acids. 
 
Considering the above, there is a special interest in the extraction of these fatty acids 
from natural matrices; and the supercritical fluids (SCF), with the supercritical carbon 
dioxide (sc-CO2) in particular, seem to be a suitable technology to achieve the above purpose 
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[36]. Regarding that, Publication II, aimed to predict the best cosolvents for the sc-CO2 
solubilisation of oleic and linoleic acids by using a theoretical approach; and Publication III 
validated this theory to choose the best supercritical mixture (SCM) to reach the selective 
supercritical fluid extraction of oleic (Figure 1.3a), linoleic (Figure 1.3b) and α-linolenic 
(Figure 1.3c) acids from T. suecica. 
 
1.3 Bioactive compounds from agro-industrial residues 
 
The intensification and globalization of agricultural production has led to a decrease 
in natural resources and an increase in the amount of waste generated. It is, therefore, 
necessary to manage these wastes, whose primary objective must be their use through 
environmentally friendly processes. Consequently, the worldwide concern about waste use 
has gained strength among the scientific community and at the industrial level, where by-
product transformation processes may be useful for other activities and source of compounds 
of interest. 
 
Olive tree cultivations, for example, have a long history in Mediterranean countries, 
and even today constitute important cultural, economic and environmental aspect of the area. 
Together with the production of extra virgin olive oil, large amounts of agricultural by-
products are produced every year, causing significant environmental problems. Then, the 
olive oil production industry is an actual problem of waste generation on a global scale, and 
Spain, as the world's leading producer of olive oil, must deal with solutions that help to 
overcome these problems. Moreover, the problem of uncontrolled disposal of by-products to 
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the environment can be reduced by the exploitation and purification of their phenolic content 
[4]. 
 
1.3.1 Hydroxytyrosol-rich oil from by-products of the oil industry 
 
The olive industry has been an important and traditional business in Mediterranean 
countries since antiquity. The rising interest in the consumption of olive oil as an integral 
ingredient of the Mediterranean diet has increased the importance of the olive oil sector in 
the last decades [37]. In 2017/18 period, world production of olive oil was roughly 2.854.000 
tonnes; and Spain, the biggest producer worldwide, produced 1.150.000 tonnes (more than 
40 % of world production) and production is likely to continue increasing because of the 
substantial increment recorded in olive tree cultivation [38]. 
 
Until the nineties, the olive oil production process was based on the so-called three-
phase system, which produced three streams: pure olive oil, a watery liquid called alpechı́n 
and a solid cake called orujo or olive cake. To eliminate the alpechı́n, which represented a 
serious environmental problem, a new process technology with only two effluent streams 
(olive oil and alperujo) emerged, saving both water and energy compared with the three-
phase system. Moreover, the wet solid stream or alperujo contains all the substances that in 
the three-phase system were contained in the alpechı́n and in the olive cake and it still has a 
significant oil content [39]. In Figure 1.4 a comparison of the three and two-phase 
centrifugation systems for olive oil extraction can be seen. 
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Figure 1.4. The three and two-phase centrifugation systems for olive oil extraction. 
 
During the olive oil mechanical process, the major proportion of the phenolic 
compounds is found in the aqueous phase, while only a minor percentage (< 1 % in mass 
fraction) is in the olive oil. This explains why the most phenols (about 98 % in mass fraction) 
remain in the alperujo, with a higher concentration than in the residues obtained by the three-
phase mode and 10 to 100-fold higher than that of olive oil. However, the production of olive 
oil in Spain with the new two-phase system centrifugation system is estimated to represent 
about 80 % of the total and the system is used by roughly 90 % of olive-mills [40]. The 
previous means that the yearly production of this by-product from the whole Spanish olive 
oil industry may approach 4.600.000 tonnes [41]; then the alperujo represents a serious 
environmental problem, and could be used as a source of bioactive compounds taking into 
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account that alperujo seems to be an affordable and abundant source of natural antioxidants 
and interesting compounds, hydroxytyrosol among the most important ones [42]. 
 
Regarding that, hydroxytyrosol is an amphipathic phenol with a phenyl ethyl-alcohol 
structure, as can be seen in Figure 1.5. It is also called 3,4-dihydroxyphenylethanol, 3,4-
dihydroxyphenolethanol or 4-(2-Hydroxyethyl)-1,2-benzenediol by the International Union 
of Pure and Applied Chemistry (IUPAC) system [43]. It is one of the major phenolic 
compounds present in the olive fruit and has been pinpointed as being of most interest, 
because of its remarkable pharmacological and antioxidant activity [42]. The origin of 
hydroxytyrosol is the hydrolysis of oleuropein which happens during the ripening of the 
olives and during the storage and elaboration of table olives [44]. Many studies have 
demonstrated the antioxidant, antimicrobial, anti-inﬂammatory and antiatherogenic effects 
of hydroxytyrosol contained in different types of olive oils, enriched or not with this 
compound. Thanks to all those ﬁndings, hydroxytyrosol has been postulated as a 
nutraceutical for preventing and treating diﬀerent diseases [43]. 
 
 
Figure 1.5. Structure of hydroxytyrosol. 
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Several methods and systems have been developed to obtain hydroxytyrosol-rich 
extracts from olives and their by-products, as well as from olive leaves. In most cases, solvent 
extraction techniques [45], ultrafiltration [46], reverse osmosis [47] and evaporation [37] are 
used. Nonetheless, these all involve several steps, organic solvents and even low yields. 
Because of that SCF, and in particular sc-CO2, could be offered as a suitable organic solvent-
free tool to achieve a selective extraction of this type of oil rich in active compounds. 
Regarding that, Publication I dealt with the selective sc-CO2 extraction of hydroxytyrosol-
rich olive oil from alperujo. 
 
1.4 Supercritical carbon dioxide extraction as an effective green technology 
 
The bioactive compounds involved in this research work have been commonly 
extracted using organic solvents or mechanical techniques. The organic solvent extraction 
gives better extraction yield, but the technique requires solvent recovery through distillation 
which may degrade thermally labile compounds. Moreover, the organic solvent extraction is 
non-selective and achieves the simultaneous removal of non-volatile pigments and waxes, 
resulting in viscous, dark-coloured extracts contaminated with solvent residues. This makes 
them difficult to handle without further refinement and may even dictate the future 
commercial viability of the oil extract. Furthermore, the presence of traces of residual solvent 
in the final product makes the process less attractive [48]. This increasing awareness towards 
the environmental and health issues that derive from the use of these substances has led to 
the implementation of stronger regulations. In this regard, the use of SCF has become an 
environmentally friendly alternative. 
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SCF are those gases and liquids at temperatures and pressures above their critical 
points (TC – critical temperature; PC – critical pressure), as can be seen in Figure 1.6. They 
have properties between those of a gas and a liquid i.e., higher diffusivity than gases and 
lower viscosity than liquids, which facilitates mass transfer [49]. Furthermore, they have 
density values that enable appreciable solvation power. Also, they are highly compressible, 
particularly near the critical point, and their density, and thus the solvation power, can be 
carefully controlled by small changes in temperature and/or pressure [50]. 
 
 
Figure 1.6. Definition of supercritical fluid state for a pure component. 
 
All gases and liquids are able to form SCF above specific sets of critical conditions, 
although extremely high temperatures and/or pressures may be required. However, among 
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all the possibilities, sc-CO2 is by far the most used SCF for supercritical fluid extractions 
because of its low TC and PC (304.13 K and 7.38 MPa, respectively). Moreover, sc-CO2 has 
become an alternative solvent for oil extraction from microalgae and plants matrices, because 
it can achieve good oil yield with respect to the conventional organic solvent extraction, with 
better product quality and offering the possibility of obtaining a product without the presence 
of traces of residual solvent in the final product, which makes the process attractive from the 
health and environmental point of view [51]. 
 
In addition, sc-CO2 is essentially non-toxic, non-flammable, non-corrosive, 
inexpensive at the industrial level, readily available in large quantities with high purity, 
totally dissipated from extracts at atmospheric pressure avoiding the necessity of further 
expensive and harmful refining treatments, can be recycled, and as said before has easily 
accessible supercritical conditions [49]. In fact, a significant number of reviews regarding 
supercritical fluid extractions of extracts rich in interesting compounds from vegetable 
matrices are available in the literature. Some examples are the reviews published by Melo et 
al., [52], Sahena et al., [53], Reverchon and De Marco [54], da Silva et al., [55], and Pereira 
and Meireles [56]. Some others have published reviews about obtaining bioactive compounds 
from microalgae [15,57–61] and other works have dealt with the extraction of these 
compounds from residues of the olive industry [62–64]. 
 
The sc-CO2 extraction is an important industrial process, enabled by overcoming the 
poor solvent nature of CO2 through the addition of entrainers. Basically sc-CO2 is the perfect 
solvent to extract neutral lipids from natural matrices [65]; however, its disadvantage is its 
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lack of polarity for the extraction of polar analytes, and for that reason, a cosolvent (modifier 
or entrainer) should be sometimes added to a supercritical gas in order to: increase the 
solubility of a specific compound, increase separation factor and reduce operating pressure 
and CO2 consumption [66]. In order to achieve so, the cosolvent changes some characteristics 
of the main supercritical solvent such as polarity, specific interactions with the solute or 
interaction with the active sites of the solid matrix [67]. However, the selection of the best 
cosolvent requires long and expensive experimental effort. 
 
1.5 Increasing selectivity of supercritical carbon dioxide extraction by using the Hansen 
solubility approach 
 
Miscibility assessments of bioactive compounds should be performed at supercritical 
conditions in order to optimize the extraction conditions. However, these evaluations at such 
extreme temperatures and pressures represent economical and practical difficulties. For that 
reason, theoretical estimations are implemented. As an example, the Hansen solubility theory 
(HST) has already been demonstrated to be a useful tool for this sort of evaluations [68,69]. 
 
The solubility parameter (δ) was initially introduced by Hildebrand [70] and it offered 
a numerical estimation of the level of interaction between two materials. This numerical 
estimation was known as the Hildebrand solubility parameter (δ). Thus, materials with 
similar δ are more likely to be miscible with each other. However, the solubility parameter 
proposed by Hildebrand was limited to solutions with low interactions with the solute and 
did not consider association between molecules; for that reason, Hildebrand´s work dealt 
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with a theory where the assumptions were not directly applicable to the real world: hydrogen 
bonding and polar solvents were not included since the theory was based on the behaviour of 
hydrocarbon solvents. As such Hildebrand was dealing with abstract entities rather than real-
world solvents. The assumptions behind the theory were therefore very restrictive [71].  
 
For that reason, Hansen [72] proposed in 1967 the division of δ into three 
components: dispersion (δd), polar (δp) and hydrogen bonding forces (δh) later on, known as 
Hansen solubility parameters (HSP) [73]. From then on, HSP found many applications, from 
academic laboratories to industrial facilities to judge miscibility of mainly polymers, but also 
of biopolymers, pharmaceuticals, pigments, colourants and some biological materials in 
different solvents. Some of these applications could be found in Hansen’s handbook [73]. 
The utility of the Hansen approach for the selection of cosolvents to increase the selectivity 
of sc-CO2 extraction of specific compounds was investigated in this thesis (Publications II, 
III and IV). 
 
Hildebrand initially introduced δ as the square root of cohesive energy density, which 
could be calculated from the total cohesion energy or latent heat of vaporization of a fluid 
(E) and the molar volume (V) of the involved fluid, such as it is described in Equation (1.1). 
 
δ = √(
E
V
) 
(1.1) 
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In the three-parameter Hansen approach, E can be obtained as the sum of three 
contributions (Equation 1.2): the non-polar atomic (dispersion) interactions, Ed, permanent 
dipole-permanent dipole interactions, Ep, and the hydrogen bonding interactions, Eh. E can 
be experimentally measured by determining the energy required to evaporate the liquid 
(Equation 1.3). 
 
E = Ed + Ep + Eh (1.2) 
 
E = ∆H − RT (1.3) 
 
ΔH is the latent heat of vaporization, R is the universal gas constant, and T is the 
absolute temperature. Dividing Equation (1.2) by the molar volume, V, the respective Hansen 
cohesion energy parameters (Equation 1.4) are obtained. 
 
E
V
= (
Ed
V
) + (
Ep
V
) + (
Eh
V
) 
(1.4) 
 
Taking into account that δ is defined by Equation (1.1), the total Hansen solubility 
parameter (δT) will be the square root of a sum of each Hansen component squared, including 
the dispersion (δd), polar (δp) and hydrogen bonding (δh) contributions (Equation 1.5). The 
International System of Units (SI) used in this work for HSP were MPa1/2, which are 2.0455 
times larger than the older Hildebrand units of (cal cc-1)1/2. 
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δT = √δd
2 + δp2 + δh
2  
(1.5) 
 
Moreover, miscibility judgments can be performed by using the Hansen sphere as 
shown in Figure 1.7. For this purpose, a group of solvents with known HSP is used to test 
their capabilities to solubilize a target compound. The internal part of the sphere is constituted 
by every solvent that dilutes the compounds of interest, also called the target compound. 
These solvents can be appreciated in Figure 1.7 as white circles. The ones that are not able 
to dilute the target compound can be found outside the sphere (black circles in Figure 1.7). 
The centre of the sphere corresponds to the three-dimensional HSP coordinates of the target 
compound (δd1, δp1 and δh1). The radius is defined by the largest distance between the 
coordinates of the target compound and those of the solvent (δd2, δp2 and δh2) that dilutes the 
solute at the limit of the sphere. As can be seen in Figure 1.7, this radius is known as R0 and 
is only related to the target compound. In Figure 1.7 can also be seen that the distance 
between coordinates of the target compound or centre of mass of the Hansen sphere and those 
of the solvent is represented by Ra and can be calculated by Equation (1.6). In this thesis 
(Publications II, III and IV), the energy difference (Ra) between the solubility parameters 
of the target compound and the SCF (sc-CO2 and SCM) was the parameter calculated to 
evaluate their miscibility. The smaller the value of Ra, the larger the miscibility between the 
compound and the solvent (SCF in this case). 
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Figure 1.7. Representation of the Hansen sphere and its components. 
 
Ra = √4(δd1 − δd2)2 + (δp1 − δp2)
2
+ (δh1 − δh2)2 
(1.6) 
 
1.6 Encapsulation of bioactive compounds 
 
Products containing bioactive compounds such as the ones dealt in this thesis could 
help to cover the nutritional necessities of society in terms of health and well-being. 
However, these products do not provide the expected health benefits because of their low 
chemical or biochemical stability and their high reactivity, failing their biological 
functionality and bioavailability [74]. Therefore, the development of functional foods, 
cosmetics or drugs through the addition of bioactive compounds holds many technological 
challenges.  
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Several scientists and researchers have been drawing attention to the exploitation of 
nanostructures as carriers for controlling the release of these compounds in specific times 
and sites of the human body. As a response to these demands, it has been suggested to 
encapsulate these compounds into micro- and nanometric sizes, which in turn isolates and 
protects them from the external environment [75]. This procedure is called 
microencapsulation and is the technology of packaging a solid, liquid or gaseous material in 
small capsules that release their contents at controlled rates over prolonged periods of time 
[76]. Due to their versatility, such technologies are of significant interest to the food and 
pharmaceutical sector. 
 
Among the various delivery systems available, biopolymer-based micro and 
nanocarriers can be designed to transport the bioactive compound to a specific site of action 
with minimal degradation [77]. About this, recently there has been an increasing interest in 
the development of efficient food-grade nanocarrier systems for encapsulation, protection 
and target delivery of nutraceuticals, pharmaceuticals or bioactive compounds to enhance 
their bioavailability or stability. As an answer to the attempts to obtain food-grade micro and 
nanocarriers, the starch ethyl cellulose has been recently proposed. Ethyl cellulose is an inert 
hydrophobic polymer and its properties such as lack of toxicity, stability during storage [78] 
and permitted status as a food additive in the European Union as E 462 [79] make it suitable 
for designing sustained matrices. 
 
On the other hand, several techniques have been developed and investigated by 
scientists throughout the years for the production of capsules for food and pharma 
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applications; from coacervation to solvent evaporation and spray-drying [75]. However, 
these traditional techniques usually do not allow to produce particles with a narrow and 
controlled size distribution as needed; and for that reason, SCF-based techniques represented 
an interesting chance to meet all the required process characteristics gaining the attention of 
researchers [50]. 
 
1.6.1 Supercritical Fluid Extraction of Emulsions (SFEE) 
 
The unique thermodynamic and fluid-dynamic properties of SCF can be used for the 
formation of micro and nanocarriers. The lower viscosity and the higher diffusivity of SCF 
with respect to liquid solvents improve the mass transfer, that is often a limiting factor for 
particles formation and particle design processes. Due to these favourable properties, SCF 
and mainly sc-CO2, are currently proposed [80]. Rapid expansion of a supercritical solution 
(RESS) [81] and its variations [82], supercritical antisolvent precipitation (SAS) [83], 
supercritical assisted atomization (SAA) [84], solution enhanced dispersion by supercritical 
fluids (SEDS) [85], and supercritical solvent impregnation (SSI) [86] have been used so far 
for encapsulation purposes. However, the principal shortcoming of all these methods lies in 
the lack of particle size control, being difficult to produce particles below the micrometric 
range and the lack of control of the morphology (shape and structure) [87]. 
 
To overcome these drawbacks, and to fabricate micro/nanocarriers with a low content 
of solvents, the Supercritical Fluid Extraction of Emulsion (SFEE) technology [88], also 
known as Supercritical Emulsion Extraction (SEE) [89], has been recently proposed. The 
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basis of this method relies on the use of sc-CO2 to rapidly extract the organic phase from an 
oil-in-water (O/W) emulsion, in which a polymer has been previously dissolved. A bioactive 
compound could be dissolved in the organic phase, allowing its encapsulation. By removing 
the solvent, both materials precipitate in water, generating micro/nanocapsules with core-
shell structure [90,91] or aggregates, depending on the material. The produced particles have 
a controlled size and morphology, due to the fast kinetics of the organic phase extraction 
through the use of sc-CO2 [88]. 
 
Additionally, this technology can be performed in a continuous layout, using a high-
pressure packed tower for the emulsion/sc-CO2 contact in counter-current mode, avoiding 
the problems linked to the batch process, such as reproducibility and reduction of the process 
yield [92]. 
 
Finally, bearing in mind that the dispersed phase of the emulsion acts as a template 
for the particles to be produced by SFEE, special attention must be paid to the emulsion 
formulation, as it is on this basis that the future drop size is designed, and hence its structure 
and stability [90]. Considering the above, the initial emulsion formulation is the starting point 
of the SFEE process and for this reason, attention was given to the selection of components 
and composition in the emulsion formulations involved in this work (see Publication V). 
Moreover, emulsion rheology strongly relies on the droplet size of the dispersed phase; and 
for that reason, the influence of the viscosity of the organic phase on the final particle size 
was also studied (see Publication V). 
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The main objective of this research thesis was to selectively obtain, from microalgae 
and an agro-industrial residue, high quality oil extracts rich in bioactive compounds of 
considerable nutritional interest by sc-CO2 extraction; and subsequently to explore the 
potential of the SFEE technology, operating in a continuous layout, to nanoencapsulate the 
obtained active compounds, looking for pharmaceutical and food applications.  
 
First of all, the process parameters and solid conditions that affected the sc-CO2 
extraction of hydroxytyrosol-rich oil extracts from alperujo were optimised. This was done 
to extend this optimization and study of these variables to supercritical fluid extractions from 
microalgae. On the other hand, to achieve the selective extraction of the compounds, the 
prediction of the best cosolvents for sc-CO2 by using the Hansen approach was carried out. 
The calculations were made with several organic cosolvents, using a 5 % volume fraction to 
ensure a supercritical homogeneous mixture. β-carotene and oleic, linoleic and α-linolenic 
acids as examples of valuable carotenoids and fatty acids, respectively, were used as target 
compounds from microalgae. The order of the cosolvent ability was deduced based on 
minima Ra values in a wide range of operating conditions suitable for supercritical extraction. 
These predictions were first validated with equilibrium data measured by the static method 
in a variable volume view cell. Afterwards, the estimations were tested against extraction 
yields of β-carotene from D. salina and oleic, linoleic and α-linolenic acids from T. suecica.  
 
Finally, an Erasmus research stay at the University of Salerno (Italy) was carried out 
to investigate the effectiveness of the SFEE technology in a continuous layout for the 
encapsulation of astaxanthin in ethyl cellulose. Astaxanthin, a compound in the current 
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research focus for its wide range of nutritional properties, was selected as a model carotenoid 
from microalgae. Ethyl cellulose, for its part, was chosen as covering polymer due to due to 
its approval as a food additive. Moreover, ethyl acetate and Tween 80 were used as the 
organic solvent of the emulsions and surfactant respectively, since both are approved by the 
Food and Drug Administration (FDA) [93]. Additionally, the antioxidant capacity of the 
elaborated particles and the astaxanthin release behaviour in simulated intestinal fluid (SIF) 
were investigated. 
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The most important experimental and computational procedures used in the 
methodological section of this doctoral thesis are detailed below. These were described in a 
general way, and practical details may be found in the publications contained in the 
Appendices. 
 
3.1 Materials and reagents (All Publications) 
 
Table 3.1 shows the specifications of the raw materials subjected to supercritical fluid 
extractions. Both D. salina and T. suecica were used freeze-dried, as received from the 
supplier. The addition of sea-sand prevented the material bed compaction avoiding the 
formation of preferential channels that reduced the extraction yield. No sea-sand was used in 
the case of supercritical fluid extraction from T. suecica due to the low extract content in this 
microalgae (see Table 3.1). The particle sizes showed in Table 3.1 were obtained on Tyler 
series sieves. The total extract content was assessed by Soxhlet with n-hexane as organic 
solvent and the oil extraction yield with sc-CO2 was reported at the most favourable 
conditions. The percentage of extract is reported on a dry basis of the vegetable material.  
 
Finally, Table 3.2 shows the suppliers and purities of all the materials and reagents 
used in this thesis. These were used as received. The distilled water used was self-supplied. 
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Table 3.1. Specifications of the raw materials subjected to supercritical extraction 
Raw material Particle size (μm) Water content (%) Total extract 
(%)* 
sc-CO2 oil extraction 
yield (%) 
Supplier 
Alperujo 100 - 1000 70 14 13.0 Natac Biotech 
Dunaliella salina 45  6 21  6.4 Algalimento 
Tetraselmis suecica 45 6 3 1.5 Algalimento 
* Expressed on dry basis (d.b.) 
 
Table 3.2. Materials and reagents used together with their suppliers. 
Materials and reagents Supplier Specifications 
(±)-6-hydroxy-2,5,7,8-tetramethylchromane-2-
carboxylic acid (Trolox) 
Sigma-Aldrich ≥ 0.97 kg kg-1 
1,1-diphenyl-2-picrylhydrazyl (DPPH) Alfa Aesar™ ≥ 0.98 kg kg-1 
Acetic acid solution Sigma-Aldrich for HPLC 
Acetone Sigma-Aldrich ≥ 0.999 kg kg-1 
Astaxanthin Sigma-Aldrich ≥ 0.98 kg kg-1 
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Materials and reagents Supplier Specifications 
Benzene Panreac ≥ 0.99 kg kg-1 
Boron trifluoride (BF3) ACROS Organics™ 1.5 M in methanol 
Butylated hydroxytoluene Sigma-Aldrich ≥ 0.99 kg kg-1 
Butylated hydroxytoluene Sigma-Aldrich ≥ 0.99 kg kg-1 
Carbon dioxide (CO2) Air Products ≥ 0.9998 kg kg-1 
Cyclohexane Sigma-Aldrich ≥ 0.995 kg kg-1 
Diethyl ether Sigma-Aldrich ≥ 0.997 kg kg-1 
Ethanol Fisher Chemical ≥ 0.998 kg kg-1 
Ethyl acetate Sigma-Aldrich ≥ 0.999 kg kg-1 
Ethyl cellulose Sigma-Aldrich Viscosity 100 cps in solution 40/40 
toluene/ethanol, 455 kDa 
Fatty acid methyl esters (FAMEs) Sigma-Aldrich FAME Mix C8 - C22 
Folin-Ciocalteu reagent Sigma-Aldrich 2 M with respect to acid 
Gallic acid  ACROS Organics™ Monohydrate 
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Materials and reagents Supplier Specifications 
Helium (He) Air Liquide ≥ 0.9999 kg kg-1 
Heptadecanoic acid Sigma-Aldrich ≥ 0.98 kg kg-1 
Hydrogen (H) Air Liquide ≥ 0.9999 kg kg-1 
Linoleic acid Sigma-Aldrich ≥ 0.99 kg kg-1 
Methanol Sigma-Aldrich ≥ 0.999 kg kg-1 
n-Hexane Sigma-Aldrich ≥ 0.99 kg kg-1 
Nitrogen (N2) Air Liquide ≥ 0.9999 kg kg-1 
Oleic acid Sigma-Aldrich ≥ 0.99 kg kg-1 
Potassium di-hydrogen phosphate (KH2PO4) Panreac ≥ 0.99 kg kg-1 
Sea-sand Sigma-Aldrich 0.315 mm - 1 mm, ≥ 0.90 kg kg-1 
Sodium chloride (NaCl) Sigma-Aldrich ≥ 0.995 kg kg-1 
Sodium hydroxide (NaOH) Sigma-Aldrich ≥ 0.98 kg kg-1, pellets anhydrous 
Sodium sulphate anhydrous (Na2SO4) Sigma-Aldrich United States Pharmacopeia (USP) 
Reference Standard 
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Materials and reagents Supplier Specifications 
Sulfuric acid (H2SO4) Sigma-Aldrich 0.95 kg kg
-1 
Toluene Merck ≥ 0.995 kg kg-1 
Tween 80 Sigma-Aldrich Polyoxyethylene (20) sorbitan 
monooleate 
α-Linolenic acid ACROS Organics™ ≥ 0.99 kg kg-1 
β-carotene Sigma-Aldrich ≥ 0.97 kg kg-1 
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3.2 Supercritical fluid extractions (Publications I, III and IV) 
 
Supercritical fluid extractions were done in a homemade semi-continuous flow 
apparatus that consisted of a CO2 feeding line and a 316 stainless-steel vessel. Table 3.3 
shows the geometrical characteristics of the cylindrical extraction vessel used and Figure 3.1 
shows a schematic representation of the experimental installation for supercritical 
extractions. Operating conditions are described in each publication. 
 
 
Figure 3.1. Schematic representation of the experimental installation used for supercritical 
fluid extractions. 
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Table 3.3. Geometrical characteristics of the cylindrical extraction vessel used. 
Characteristic Value 
Internal diameter (m) 0.025 
Length (m) 0.170 
L/D ratio 6.8 
Cross-flow area (m2) 0.00049 
Volume (m3) 0.00008 
 
A high purity CO2 was used to reduce the oxygen concentration, which could degrade 
the activity of the desired bioactive compounds during the extraction [94]. Moreover, the air 
from all pipes and valves and from the extractor was purged before experiments. A heating 
jacket was placed around the extractor to control the temperature inside (within ± 0.5 K). 
Two membrane pumps (Milroyal D; Dosapro Milton Roy, Spain) connected in parallel were 
used to pump the CO2 and the cosolvent (when used) up to the extraction pressure. The pump 
for the CO2 had an attached chamber in which a cooling fluid flowed to avoid the CO2 
cavitation during pumping. The CO2 flow rate was measured in the mass-flow meter (M-10 
SLPM-D, Alicat Scientific, USA) placed at the end of the line, while pressure was controlled 
by a back-pressure regulator (within ± 0.5 MPa, BPR, 26-1761-24-161, TESCOM Europe, 
Germany). 
 
The amount and the way in which the raw material was introduced into the extractor 
is described in Publications I, III and IV; however, in general, the solid material was 
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deposited with a spatula in the extraction vessel forming a fixed bed. Alperujo and D. salina 
were mixed with sea-sand. The use of sea-sand enhanced the bed porosity and prevented the 
material bed compaction avoiding the formation of preferential channels that reduced the 
extraction yield. In the case of D. salina, for example, at 20 MPa and 318.2 K, by using sea-
sand as packing material there was an increase of approximately 76 % carotenoid extraction 
compared to the bed without sea-sand. Furthermore, no adsorption of the extracts on the sea 
sand particles was observed. No sea-sand was used in the case T. suecica due to its low initial 
extract content. Table 3.4 shows the amount of raw materials and the geometry of the fixed 
bed formed in the cylindrical extraction vessel used in this work.  
 
Table 3.4. Characteristics of the fixed bed formed by the raw materials subjected to 
supercritical fluid extraction 
Raw material Mass 
loaded 
(kg) 
Sand 
loaded 
(kg) 
Bed bulk 
density 
(kg m-3) 
Bed 
length 
(L, m) 
Bed 
diameter 
(D, m) 
L/D 
Alperujo 0.024 0.020 899 0.100 0.025 4.0 
Dunaliella salina 0.010 0.016  1158 0.046 0.025 1.8 
Tetraselmis suecica 0.014 - 609 0.100 0.025 4.0 
 
A wire mesh was placed on top of the bed to prevent particles’ entrainment. The 
extractor was then closed, and the fluid (or the fluid mixture when used) was pumped in to 
achieve the working conditions. After that, the BPR was opened to provide a continuous flow 
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of the fluid through the bed. After the BPR, the fluid was depressurized, the solvent power 
of the SCF dropped, and the extract was precipitated in a previously weighed glass flask. 
Samples were collected at the required time (see details in each publication). When a 
cosolvent was used, this one was removed from the extract with a nitrogen stream after the 
extraction process was completed. The extraction curves were constructed by plotting the 
extraction yield based on the total biomass loaded in the extractor versus the solvent ratio 
that passed through the bed (kg CO2 kg solid material
-1) at constant intervals of time. 
 
The results shown are the average of at least two measurements. The experimental 
standard deviations were deduced from selected tests that were repeated six times. These 
values and the appearance of the oil extracts are described in each publication. 
 
3.3 Hansen approach for the selective extraction of bioactive compounds (Publications 
II, III and IV) 
 
As it has been indicated in previous sections, this thesis implemented computational 
procedures in order to choose the best cosolvents to increase the selectivity of sc-CO2. Here, 
the way in which these methodologies were implemented is described in general terms. The 
target compound and cosolvents used are described in each publication. All HSP calculations 
were done with Microsoft Excel. 
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3.3.1 Hansen solubility parameters of target compounds 
 
There was not enough data in the literature regarding the physical properties and 
solubility parameters of the solute-solvent pairs studied in this research thesis. Consequently, 
the HSP at normal temperature and pressure (NTP, assumed as 298.2 K and 0.1 MPa) of the 
fatty acids (oleic, linoleic and α-linoleic acid) and β-carotene from the dispersion, polar and 
H-bonding forces were calculated by using the group contribution method (GCM) proposed 
by Hansen [73]. Figure 1.1, Figure 1.2, Figure 1.3a, Figure 1.3b and Figure 1.3c show the 
structures used to perform this procedure. 
 
On the other hand, the influence of temperature on the HSP values of the target 
compounds was calculated by using the Jayasri and Yaseen method [95] described by 
Equation (3.1). Working below the critical points of the target compounds, pressure does not 
exert a considerable influence on their HSP [96]; therefore, this influence was not considered. 
In Equation (3.1) Tr is the reduced temperature at temperatures 1 (298.2 K) and 2 (desired 
temperature). The critical temperatures required in Equation (3.1) were obtained by using the 
GCM proposed by Joback [97]. This technique is a modification of the Lydersen method [98] 
and is the best method to use overall to predict the critical temperature. For this, the Aspen 
Plus V 10.0 software was used [99]. 
 
δ2
δ1
= (
1 − Tr2
1 − Tr1
)
0.34
 
(3.1) 
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3.3.2 Hansen solubility parameters of solvents 
 
Estimations of miscibility order of the target compounds in CO2 and its mixtures with 
a volume fraction of 5 % cosolvent were done. Predictions were performed with several 
organic solvents used in the manufacture of food [100] and pharmaceutical products [101]. 
As a general rule, the thermodynamic properties required in the HST of these solvents must 
have been well predicted by the Reference Fluid Properties (REFPROP) model from the 
National Institute of Standards and Technology (NIST). Water was not preselected as a 
cosolvent since a mixture of sc-CO2 with a volume fraction of 5 % water was not a 
homogeneous supercritical phase at the operating conditions tested. Besides, based on our 
experience, water forms emulsions with oily extracts, hampering the extraction. 
 
First, the influence of temperature and pressure on δT and the individual HSP of CO2 
and the organic solvents were calculated by using Equations (3.2), (3.3) and (3.4) as a 
function of V (which include temperature and pressure influence). In these equations, 
subscript “ref” refers to HSP and V of the fluid at NTP. These reference solubility parameters 
values for CO2 and the cosolvents at NTP were obtained from the Hansen Handbook [73]; 
while V as a function of the temperature and pressure studied (specified in each publication) 
were calculated by using REFPROP model from NIST, with help of the Aspen Plus V 10.0 
software [99]. 
 
Supercritical extraction of bioactive compounds from vegetable matrices and their 
encapsulation with supercritical fluid advanced techniques 
46 
δd ref
δd
= (
Vref
V
)
−1.25
 
(3.2) 
 
δp ref
δP
= (
Vref
V
)
−0.5
 
(3.3) 
 
δh ref
δh
= exp [−1.32 x 10−3(Tref − T) − ln (
Vref
V
)
−0.5
] 
(3.4) 
 
Table 3.5 shows the critical properties, reference values and the valid temperature and 
pressure range limits of the REFPROP property method used for the molar volume 
calculation. Critical points were obtained from the NIST database with the help of the Aspen 
Plus V 10.0 software [99] and reference values from the Hansen Handbook [73]. As can be 
seen in Table 3.5, the REFPROP property method was valid within the range of conditions 
evaluated in this work for all the used solvents. Finally, for the mixtures consisting of sc-CO2 
and the cosolvent, the solubility parameters were determined with a linear blend rule, given 
by Equation (3.5). The total HSP value of the mixture was equal to the sum of the product of 
the respective volume fractions (vi) of the components present in the mixture, and their 
corresponding HSP value (δi). In Equation (3.5), the word “any,” used as a subscript, refers 
to any solubility parameter (δd, δp, δh or δT). 
 
δany = ∑{vi. δi} 
(3.5) 
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Table 3.5. Critical temperature (TC) and pressure (PC); reference molar volume (Vref); reference values of dispersion (δd ref), polar 
(δp ref) and hydrogen-bonding (δh ref) contributions, and limits of the REFPROP model for the used solvents. 
Solvent TC 
K 
PC 
MPa 
Limits of the model δd ref 
MPa1/2 
δp ref 
MPa1/2 
δh ref 
MPa1/2 
Vref 
106 m3 mol-1 
CO2 304.13 7.38 (217 -2000) K, 800 MPa 15.6 5.2 5.8 39.1 
Acetone 508.07 4.70 (179 – 550) K, 700 MPa 15.5 10.4 7.0 74.0 
Benzene 562.02 4.89 (279 – 635) K, 78 MPa 18.4 0.0 2.0 89.4 
Cyclohexane 553.4 4.07 (279 – 700) K, 80 MPa 16.8 0.0 0.2 108.8 
Diethyl ether 466.78 3.65 (270 – 500) K, 40 MPa 14.5 2.9 5.1 104.8 
Ethanol 514.57 6.23 (250 – 650) K, 280 MPa 15.8 8.8 19.4 58.5 
n-Hexane 507.55 3.03 (178 – 600) K, 100 MPa 14.9 0.0 0.0 131.6 
Methanol 512.68 7.95 (176 – 620) K, 800 MPa 15.1 12.3 22.3 40.7 
Toluene 591.89 4.13 (178 – 700) K, 500 MPa 18.0 1.4 2.0 106.8 
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3.3.3 Miscibility predictions for the selection of the best cosolvent 
 
The miscibility order of the target compounds in sc-CO2 and its SCM was 
predicted by using the Ra parameter described in Equation (3.6). The smaller the Ra value 
of the supercritical solvent, the more the miscibility of the target compound. 
Consequently, and according to the Hansen theory, supercritical systems with lowest Ra 
would represent the most suitable one. 
 
In addition to the above, the miscibility enhancement was predicted. For this, this 
concept was defined as the percentage reduction of the Ra values of the mixture CO2 - 
cosolvent in relation to pure CO2 (see Equation 3.6) as a function of the cosolvent volume 
fraction at different pressures. 
 
Miscibility enhancement (%) = [1 − (
Ra CO2+cosolvent
Ra pure CO2
)] x100 % 
(3.6) 
 
3.3.4 Validation of predictions 
 
As mentioned before, predictions made through the Hansen approach were first 
validated with equilibrium data by the static method in a high-pressure variable volume 
view cell at the set temperature and molar fraction (see Publication II, III and IV for 
more details) in sc-CO2 and its mixtures with the cosolvents studied were obtained. A 
cosolvent mass fraction of 5 % ± 0.1 % was used. 
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Figure 3.2 shows a schematic diagram of the homemade apparatus used to perform 
phase equilibria measurements. Its main component was a high-pressure, variable-
volume cell constructed of stainless steel, working volume of 1.5 10-5 m3 and fitted with 
a sapphire window. The image of the mixture in the cell was obtained by means of a 
boroscope (Fiegert-Endotech, Germany) placed against the sapphire window, fitted with 
a camera (Motic 2000, Moticam, China) and connected to a computer. The cell was 
electrically heated (up to 373.2 K) by means of a silicone heating tape (SRT051-040, 
Omegalux, United States) connected to a Proportional Integral Derivative (PID) 
temperature controller (model CN77322, Micromega, Italy). The temperature controller 
was connected to a type J thermocouple in direct contact with the fluid mixture with a 
resolution of ± 0.5 K. CO2 was transferred into the view cell gravimetrically by means of 
an auxiliary cell. The mole fraction precision was estimated to be ± 0.1 %. The contents 
of the cell were mixed using a magnetic stirrer. The mixture inside could be compressed 
to the desired operating pressure (up to 30 MPa) by displacing a movable piston fitted 
within the cell using water pressurized by means of a high-pressure generator. This high-
pressure generator was connected to a water reservoir through valve V1 and to the cell 
through valve V2 (see Figure 3.2). The water pressure was determined using a Swagelok 
pressure gauge. The pressure inside the cell was determined using a relative transducer 
(model PTX7511-1, Druck Industries, United States) provided with a digital display. The 
pressure deviation estimated to be ± 0.1 MPa.  
 
The phase transition was determined visually as described by Perez et al., [102]. 
For that, at a fixed temperature, the mixture in the cell was compressed to a single phase. 
The pressure was then slowly decreased until the condensed phase appeared. The contents 
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of the cell were periodically agitated using the magnetic stirrer. The solute could be 
alternatively solubilized and precipitated to obtain a precise bubble pressure value. The 
solubility was determined from the amounts of CO2, cosolvent (when used) and solute 
loaded into the cell. 
 
 
Figure 3.2. Schematic diagram of the static view cell apparatus used to perform phase 
equilibria measurements. 
 
The estimations were also tested against extraction yields of oleic, linoleic and α-
linolenic acids from T. suecica (Publication III) and β-carotene from D. salina 
(Publication IV). Supercritical fluid extractions of the target compounds were carried 
out in our laboratory at different conditions of pressure and temperature using CO2 and 
its mixtures with a mass fraction of 5 % cosolvent. The procedures for the fill up of the 
raw material, start-up and stop of the equipment could be consulted in Section 3.2 of this 
thesis. 
 
For both validation methods, mass fraction and not volume fraction was used due 
to practical limitations. e.g., during supercritical fluid extractions, the flow rate in the 
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experimental set up was measured in mass. However, taken into account the low amount 
of cosolvent, the variation with respect to the volume fraction was insignificant in the 
range of conditions tested.  
 
Finally, the assays were repeated at least twice, and the standard deviations were 
deduced from selected tests that were repeated six times (n = 2 x 3). These values were 
reported in each publication. 
 
3.4 Characterization of oil extracts 
 
The following are the experimental procedures used to characterize the oil extracts 
obtained in Publication I, III and IV; and the material and particles produced in 
Publication V. 
 
3.4.1 Total phenol content (Publication I) 
 
The oil extracts were analysed according to the Folin–Ciocalteu method [103], 
with minor modifications. In brief, after 2.5 10-7 m3 of oil extract diluted in a mixture 
methanol – water (L L-1) was well mixed in a vortex (Heidolph REAX top, Heidolph 
Instruments, Germany) with 2.5 10-6 m3 of distilled water and 5 10-7 m3 of the Folin–
Ciocalteu stock reagent; 1 10-6 m3 of the Na2CO3 reagent (75 kg m
-3) was added to the 
mixture and then incubated at room temperature for 30 min. Then, the absorbance was 
measured spectrophotometrically (MRC, model UV-1800, Tel-Aviv, Israel) at 765 nm. 
The total phenol content was expressed in milligrams of gallic acid equivalents per gram 
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of oil extract (mg GAE g oil extract-1). The calibration curve was established from 0 kg 
gallic acid m-3 to 0.1 kg gallic acid m-3. 
 
3.4.2 Hydroxytyrosol content by HPLC analysis (Publication I) 
 
An acid hydrolysis of the extract was performed before the analytical 
quantification to convert the hydroxytyrosol derivatives into free hydroxytyrosol and 
tyrosol. For that, 1 g oil was mixed with 2 mL of a 1 M H2SO4 solution. The mixture was 
maintained in a water bath at 353.2 K for 2 h, and then, diluted to 10 mL with methanol. 
Then, it was vortexed for 2 min and centrifuged for 10 min at 3500 rpm. Afterwards, the 
supernatant was filtered through a 0.45 μm membrane into an HPLC vial. To measure the 
hydroxytyrosol content, samples were analysed through high-performance liquid 
chromatography (HPLC) coupled to a diode array detector (DAD), equipped with a Luna 
C18 (2), 150 mm × 4.6 mm x 5 µm column, purchased from Phenomenex (Torrance, 
United States). Methanol was used as mobile phase A and 0.2 % in volume fraction of 
acetic acid as mobile phase B. The elution program was A (%)/B (%): 10/90, 0 min; 
37/63, 10 min; 10/90, 11-15 min; eluent flow 1 10-6 m3 min−1. The injection quantity was 
2 10-8 m3. The wavelength was fixed at 280 nm. 
 
3.4.3 Fatty acids analysis (Publication I and III) 
 
Extracts were derivatized following the procedure described by the Official 
Method 969.33 of the Association of Official Agricultural Chemists (AOAC) [104]. For 
this, approximately 1 10-4 kg of oil extract was placed into a screw cap glass tube. As 
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much as 1 10-5 kg of heptadecanoic acid as internal standard and 4 10-6 m3 of NaOH in 
methanol (0.5 N) were added into the tube and then nitrogen was blown for 15 s. The tube 
was covered tightly, vortexed, heated in a water bath (mod. W350, Memmert GmbH and 
Co, Germany) for 5 min at 358.2 K and then cooled. Furthermore, the tube was added by 
5 10-6 m3 of BF3 in methanol (11.4 % in mass fraction), vortexed and then nitrogen was 
blown. The tube was covered tightly, heated for 15 min at 358.2 K and then cooled. In 
this stage, fatty acids were converted to FAMEs. Extracting solvent, 3 10-6 m3 of hexane, 
was added and then the mix was vortexed. Furthermore, 3 10-6 m3 of saturated NaCl 
solution was added and then the solution was vortexed. Finally, the upper layer was 
transferred through a small amount of Na2SO4 (placed on the top of a filter liner) into a 
test tube with a Pasteur pipette. 
 
Subsequently, the samples were analysed by gas chromatography (GC) with a 
Shimadzu 2010 Plus gas chromatograph (Shimadzu Corporation, Japan) equipped with a 
Flame Ionization Detector (FID) and a Zebron ZB-1HT capillary column (20 m × 0.18 
mm i.d. × 0.18 μm film thickness). The separation was carried out with helium (1.8 10-6 
m3 min-1) as a carrier gas. The column temperature was programmed starting at a constant 
value of 393.2 K during 3 min, heated to 458.2 K at 3 K min-1, held at 458.2 K during 3 
min, heated again to 523.2 K at 15 K min-1 and finally held at 523.2 K for 5 min. The 
equilibration time was 5 min. A split injector (50:1) at 523.2 K was used. The FID was 
also heated at 553.2 K. The injection volume was 1 10-9 m3. Most of the FAMEs were 
identified by comparison of their retention times with those of chromatographic 
standards. The compounds were quantified related to the area of the internal standard. 
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3.4.4 Free radical scavenging capacity (Publication I and V) 
 
The method principle relies on the fact that the scavenging of free radicals by 
samples or standards causes a reduction in DPPH absorbance. Briefly, 2 10-7 m3 of a 
methanolic solution of the sample was added to 3.8 10-6 m3 of a freshly prepared 
methanolic solution containing 60 μM DPPH. This solution exhibited a deep purple 
colour with maximum absorption at 517 nm. The reaction mixture was then kept at room 
temperature in a dark chamber for 30 min. The change in colour from deep violet to light 
yellow was measured at 517 nm in the spectrophotometer. A standard curve was prepared 
using the reference synthetic antioxidant Trolox diluted in methanol, and the antioxidant 
capacity of the samples was measured as Trolox equivalent antioxidant capacity (TEAC, 
Trolox equivalent per kg of the sample). 
 
3.4.5 Carotenoid content in oil extracts (Publication IV) 
 
The extract was dissolved in methanol and stabilized with a volume fraction of 
0.025 % BHT, and immediately analysed to avoid degradation of the carotenoids. The 
total concentration of carotenoids was determined by measuring the absorbance of the 
samples using a UV-Vis spectrophotometer and the Equations (3.7), (3.8) and (3.9) 
proposed by Wellburn [105]. Based on the analysis of the microalgae provider, β-carotene 
represented a mass fraction of 86 % of the total carotenoids content. 
 
Ctotal carotenoids (x+c) (
μg
mL
) =
1000A470 − 1.63Ca − 104.96Cb
221
 
(3.7) 
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Ca (
μg
mL
) = 16.72A665.2 − 9.16A652.4 
(3.8) 
 
Cb (
μg
mL
) = 34.09A652.4 − 15.28A665.2 
(3.9) 
 
Where C (x+c), Ca and Cb are total carotenoid (xanthophylls and carotenes), 
chlorophyll a and chlorophyll b concentration respectively and A470, A652.4 and A665.2 are 
the absorbances at 470 nm, 652.4 nm and 665.2 nm respectively. 
 
3.5 Encapsulation by advanced supercritical techniques (Publication V) 
 
This section included the methodology implemented to produce ethyl cellulose 
particles and the further encapsulation of astaxanthin in Publication V. 
 
3.5.1 Preparation of the starting emulsions 
 
Oil in water (O/W) emulsions with an O-W ratio of 20:80 were prepared. The 
organic phase was prepared by dissolving ethyl cellulose in ethyl acetate. Concentrations 
of 1.0 %, 1.5 %, 2.0 % or 2.5 % of ethyl cellulose were tested. To dissolve the polymer, 
a fixed amount of ethyl cellulose was added to the ethyl acetate and then, it was well 
mixed in a vortex (Velp Scientifica ZX3, Italy) for 1 min. On the other side, Tween 80 
was dissolved in an ethyl acetate-saturated water solution to create the aqueous phase. 
Concentrations of 0.1 %, 0.2 %, 0.3 % or 0.6 % of Tween 80 were tried. Afterwards, the 
organic phase was added to the aqueous phase, drop by drop, and agitated by using a 
high-speed stirrer (mod. L4RT, Silverson Machines Ltd., United Kingdom) operating at 
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3200 rpm during 4 min. Then, the emulsion was subjected to the SFEE process. When 
astaxanthin was encapsulated, this one was added in the mixture ethyl acetate–polymer 
and then dissolved by sonication using a VCX130-Vibra Cell (Sonics and Materials, 
United States) at 30 % of amplitude for 1.5 min. All the percentages in this work are 
expressed as a mass fraction. 
 
The influence of the polymer content in the organic phase and the surfactant 
content in the aqueous phase was analysed in terms of mass recovery (MR) of the 
polymer, mean diameter (MD), polydispersity index (PDI) and morphology. The best 
formulation was selected to perform the encapsulation of astaxanthin. 
 
Moreover, to analyse the influence of the viscosity of the organic phase on the 
final particle size, the increment of the viscosity of the organic phase with the 
concentration of the polymer was studied. For this purpose, the apparent viscosity as a 
function of shear rate was analysed using a Brookfield dial viscometer (Model LVT, serial 
24078, United States) using the #1 spindle and maintaining the sample at 298.2 K ± 0.1 
K. A frequency sweep was performed in a range between 0.3 rpm and 60 rpm. However, 
the limit of detection was found at 60 rpm, which is why only the apparent viscosity value 
was reported at this frequency. 
 
3.5.2 Continuous Supercritical Fluid Extraction of Emulsions 
 
The organic solvent was removed from the emulsion by SFEE. For this, 1 10-4 m3 
of the emulsion was pumped into a packed column to obtain a continuous counter-current 
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contact with sc-CO2. Briefly, the apparatus consisted of a column (height 0.16 m, i.d. 1 
10-2 m) packed with stainless steel packings (Pro-Pak, 4 10-3 m nominal size, 1889 m−1 
specific surface and 0.94 voidage). The column was thermally insulated, and its 
temperature profile was controlled by temperature controllers. CO2 was pumped from the 
bottom of the column by a high-pressure diaphragm pump (mod. Milroyal B, Milton Roy, 
France). The emulsion was taken from a reservoir and pumped into the column using a 
high-pressure piston pump (mod. 305, Gilson, United States) at the top of the column. 
Before starting the emulsion delivery, the column was wetted with a fixed amount of the 
external water phase. A separator located downstream the top of the column was used to 
recover the extracted solvent. The procedure was performed at 8 MPa and 311.2 K 
considering the vapour–liquid equilibrium diagram of the ethyl acetate–sc-CO2 system 
[99]. A liquid/gas (L/G) ratio of 0.1 and a CO2 flow rate of 1.4 kg CO2 h
-1 were fixed 
according to the optimisation performed in previous work for the ethyl acetate–sc-CO2 
system [92]. Finally, nanoparticles suspension was continuously collected at the bottom 
of the column using a needle valve, washed several times with distilled water and then 
recovered by membrane filtration. A wet powder was obtained in all cases and this was 
left overnight to ensure drying. After this, samples were submitted to analysis. A 
schematic representation of the equipment is shown in Figure 3.3. 
 
The MR of polymer was defined according to Equation (3.10): 
 
MR = (
Mass of polymer charged in emulsion
Polymer mass recovered after the drying process
)  x 100 %  
(3.10) 
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Figure 3.3. Representation of the continuous Supercritical Fluid Extraction of 
Emulsions layout used in this thesis. 
 
3.5.3 Morphology and particle size 
 
The morphology of the produced particles was studied using a Field Emission-
Scanning Electron Microscope (FE-SEM mod. LEO 1525; Carl Zeiss SMT AG, 
Germany). For this, the powder was dispersed on a carbon tab previously stuck to an 
aluminium stub. Samples were coated with gold (layer thickness 250 A) using a sputter 
coater (mod.108 A, Agar Scientific, United Kingdom). Moreover, the morphology of the 
encapsulated astaxanthin was assessed by Transmission Electron Microscope (TEM, 
JEOL JEM 1010, JEOL, United States). To do this, an aqueous suspension of 
nanoparticles was centrifuged (Digicen 21, Orto Alresa, ES) at 15,000 rpm for 10 min. 
After that, the supernatant was removed. Then, a drop of concentrated aqueous suspension 
was negatively stained for 1 min with a 1 % sodium phosphotungstic acid solution and 
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placed on a carbon-coated copper grid. Afterwards, TEM pictures were taken. Finally, 
the MD was measured by dynamic light scattering (DLS) by using a Malvern Zetasizer 
instrument (Zetasizer Nano S, United Kingdom). For this, 1 10-6 m3 of the produced 
suspension was used without any further dilution step. 
 
3.5.4 Astaxanthin encapsulation efficiency 
 
The maximum absorbance of astaxanthin dissolved in acetone was observed at 
470 nm using a UV–Vis spectrophotometer (Lambda 25 UV/VIS Spectrometer; 
PerkinElmer, United States). A standard calibration curve of this compound in acetone 
was previously obtained and the dried powder containing it was dissolved in acetone. 
Then, the supernatant was recollected and analysed in the spectrophotometer. The 
encapsulation efficiency was calculated by the ratio between astaxanthin content inside 
the particles produced by SFEE and the amount of compound initially loaded, expressed 
as Equation (3.11). 
 
Encapsulation efficiency
= (
Mass of astaxanthin detected by UV − Vis
Mass of astaxanthin loaded in the emulsion
)  x 100 %  
(3.11) 
 
3.5.5 Astaxanthin release study 
 
A release profile under sink conditions (i.e. the maximum concentration of 
dissolved astaxanthin never exceeded 20 % of its solubility) was performed in 1 10-4 m3 
SIF: a phosphate buffered saline at pH 7.2, according to the method developed by 
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Verhoeven et al., [106] with slight modifications. For this, 10 10-5 kg powder were 
immersed in the SIF and incubated at 310.2 K ± 0.1 K (physiological temperature) in a 
thermostatic water bath (mod. WNB 14, Memmert GmbH and Co, Germany) equipped 
with a horizontal shaking device (SV1422, Memmert, Germany). The in vitro astaxanthin 
release study was conducted for a period of 10 h. At every 1 h interval, samples of 5 10-6 
m3 were withdrawn from the dissolution medium and replaced with fresh medium to 
maintain sink conditions. Then, samples were spectrophotometrically analysed. Finally, 
the astaxanthin dissolved was plotted as a cumulative percent release versus time.  
 
Additionally, the antioxidant activity of the produced particles and the pure 
astaxanthin was measured according to Section 3.4.4. 
 
3.5.6 Statistical analysis 
 
The experiments were repeated at least twice, and the analyses were performed in 
triplicate for each replicate (n = 2 × 3). Mean and standard deviation were calculated for 
all data. Response variables (MD and PDI) were submitted to analysis of variance 
(ANOVA). When statistical differences at a significance level of 5 % (p < 0.05) were 
found, a Fisher's Least Significant Difference (LSD) test was performed to determine the 
influence of the selected factors. Data processing was carried out using STATGRAPHICS 
Centurion XVI (Statpoint Technologies, Inc., United States). 
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In this chapter, the most relevant results obtained during the performance of this 
doctoral research thesis are discussed in a unified manner. This discussion was based on 
five (5) previously published research papers in the Chemical Engineering field, which 
are attached in the Appendices section of this manuscript. Each of the aforementioned 
manuscripts contains in detail the computational and experimental procedures developed 
in the course of this research, as well as the totality of the results and their discussions. 
 
To summarize the results of this thesis, this chapter was organized into five 
sections, which describe in a consolidated way the main findings:  
 
i) Study of the main process parameters and solid conditions that affected 
the sc-CO2 extraction from vegetable matrices (Publication I). 
ii) Use of the Hansen approach to predict the best cosolvents for sc-CO2 to 
selectively extract bioactive compounds (Publication II, III and IV). 
iii) Validation of predictions through equilibrium data and supercritical 
extraction curves from microalgae (Publication II, III and IV). 
iv) Encapsulation of astaxanthin by SFEE (Publication V). 
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4.1 Study of the main process parameters and solid conditions that affected the sc-
CO2 extraction from vegetable matrices 
 
This section describes the effect of the main process variables and solid conditions 
affecting the supercritical fluid extractions from vegetable matrices. The operation was 
carried out using alperujo, the solid-liquid waste generated by the new two-phase method 
of olive oil extraction, as a model fixed bed. The objective was to extend the influence of 
the parameters studied to the others supercritical fluid extractions applied in this doctoral 
thesis because although they were different plant matrices, the model of mass transfer 
from the cells was considered similar. 
 
Analysis of the oil extraction yield from alperujo as function of particle size (< 
0.80 mm and without sieving), initial moisture of the sample (equilibrium moisture, 0.1 
kg water kg alperujo-1, 0.3 kg water kg alperujo-1 and 0.7 kg water kg alperujo-1), pressure 
(20 MPa and 30 MPa), temperature (323.2 K and 373.2 K) and CO2 mass flow (0.06 kg 
h-1, 0.18 kg h-1 and 0.30 kg h-1) is described below. Particle size and the initial moisture 
in the sample represented the initial solid conditions studied. Pressure, temperature and 
flow rate, on the other hand, represented the main operating parameters. The results were 
expressed as extraction curves constructed by plotting the oil extraction yield expressed 
in mg extract g alperujo-1 versus the solvent ratio (kg CO2 kg alperujo
-1) passed through 
the fixed bed. When a constant mass in the vial was reached, the extraction was stopped. 
In the case of samples to be analysed, the extraction was stopped when an appropriate 
amount of extract was obtained, and the analyses were carried out immediately after 
extraction. This was done to avoid a possible degradation of the interesting compounds. 
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In the case of samples to be analysed by HPLC, these were stored at 253.2 K until 
analysis. 
 
Additionally, a conventional extraction was carried out for comparison, using 0.01 
kg of dried alperujo and 1.5 10-4 m3 of n-hexane in a 2.5 10-4 m3 Soxhlet apparatus during 
8 h. Afterwards, the optimised supercritical extractions from alperujo proved to reach 
extraction yields (13 % d.b.) equivalent to those achieved by conventional Soxhlet 
extraction with n-hexane (14 % d.b.) (see Table 3.1). However, this slightly higher oil 
extraction yield with the organic solvent was probably due to its lower selectivity, taking 
into account that the extract obtained with n-hexane contains neutral and polar lipids and 
pigments [107]. Moreover, the supercritical extracts showed a fatty acid composition 
close to that of an extra virgin olive oil of an Arbequina variety. This comparison can be 
appreciated in Table 4.1, with a mean standard deviation of the fatty acid composition of 
6 % in mass fraction. The aforementioned demonstrates the versatility in the use of sc-
CO2 to obtain high-quality oil extracts. 
 
Table 4.1. Fatty acid profile of supercritical extracts and a commercial virgin olive oil.  
Fatty acid Oil extract (%) Extra virgin olive oil (%) 
Palmitic acid 13.5 14.4 
Stearic acid 1.8 1.7 
Oleic acid 69.4 71.4 
Linoleic acid 11.3 9.1 
Linolenic acid 0.6 0.3 
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The study of the initial solid conditions of the materials before a supercritical fluid 
extraction has proven to be important to maximize the extraction yield, to reduce 
operating costs and to improve the quality of the extract [107]. On the one side, an 
insufficient water content in vegetable matrices could cause the cell structure to shrink 
and consequently hinders diffusion, which reduces yield [49]. However, excess water 
may create an extra barrier for transportation and may generate the co-extraction of polar 
substances, thereby reducing selectivity [108]. Moreover, high moisture, together with 
the sugars and fine solids contained in the raw material, such as the studied in this thesis, 
could give it a doughy consistency, hindering the contact to the solvent. Specifically, for 
alperujo, its high moisture content demanded energy and the sugars present in it made it 
sticky and difficult to dry. Therefore, this parameter must be optimised before any 
extraction. On the other side, the particle size of the raw material must be reduced so that 
the extract contained within the plant material is more accessible to the fluid and thus to 
maximize the extraction and reduce costs. However, care should be taken not to reduce 
particle size excessively, as this could compromise process performance (e.g. promoting 
channelling) and cause safety problems due to small particles entrainment [49]. 
 
The alperujo used in this work as a raw material had approximately an initial water 
content of 70 % (0.70 kg water kg-1 alperujo) and 0.14 kg oil kg-1 alperujo (see Table 3.1). 
To obtain samples with different moisture content, these were dried at 376.2 K until they 
reached the desired humidity. Figure 4.1 shows the drying curve obtained. On the other 
hand, Figure 4.2 shows the particle size distribution in terms of the MD obtained after 
milling and sieving the dried alperujo. In Figure 4.2, particles with dissimilar sizes could 
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be appreciated since the alperujo is made up of different types of waste from the olive oil 
industry, such as pulp, pit, seed, peels and leaves [40]. 
 
 
Figure 4.1. Drying curve of alperujo at 376.2 K. 
 
 
Figure 4.2. Particle size distribution of the milled dried alperujo. 
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4.1.1 Study of solid pre-treatment: Particle size and initial water content 
 
In order to study the influence of the initial particle size of the raw material on the 
supercritical extraction process, supercritical fluid extractions from dried alperujo without 
sieving (the whole range of particle sizes in Figure 4.2) and with a particle size less than 
0.80 mm were performed to check out the effect of particle size on the oil extract 
recoveries. It is well known that particles smaller than 0.40 mm could represent a risk of 
formation of preferential channels and blockages during the supercritical extraction [49]; 
however, this fraction represented slightly more than 60 % of the raw material, as can be 
corroborated in Figure 4.2. Because of this, shorter milling times were used, but the 
results were similar considering that alperujo was composed of particles with dissimilar 
sizes, as mentioned before. Consequently, alperujo with a particle size distribution less 
than 0.80 mm was used for the rest of the assays. 
 
Two extraction curves representing the extraction from alperujo with two different 
initial particle sizes are shown in Figure 4.3. As expected, the oil yield increased with the 
lowest particle size, due to the fact that particles with a diameter greater than 0.80 mm 
hindered the penetration of the supercritical solvent and the solubilisation of the solute 
[49]. On the other hand, the influence of the initial water content in the raw material to 
be processed by supercritical fluid extraction was also studied. Regarding this, Figure 4.4 
shows the extraction curves, working at 30 MPa, 323.2 K, 0.18 kg h-1 CO2 flow rate and 
initial water content of the fixed bed of 1 %, 10 % and 70 %. The last value was the initial 
water content of the raw material. As can be appreciated in Figure 4.4, the fastest 
extraction was achieved when the sample had a water mass fraction of 1 %, which 
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corresponded to the equilibrium moisture of the atmosphere in Madrid. Apparently, the 
reduction in particle size was good enough to allow the oil extract to be available to the 
SCF. 
 
 
Figure 4.3. Effect of particle size on oil yield: < 0.80 mm (●) and without sieving (♦). 
Conditions: P = 30 MPa; T = 373.2 K; Q = 0.18 kg h-1 and alperujo water mass fraction, 
1 %. 
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Figure 4.4. Extraction curves using different initial alperujo water mass fraction: 1 % 
(♦), 10 % (■), and 70 % (▲). Conditions: P= 30 MPa, T = 323.2 K; Q = 0.18 kg h-1 and 
MD = < 0.80 mm. 
 
4.1.2 Influence of operating parameters: Effect of pressure, temperature and mass 
flow 
 
Sudden changes in pressure and temperature cause drastic changes in the density 
of the SCF and hence in its solvating power. Solvent ratio, for its part, is the most 
important parameter for the supercritical fluid extraction, once approximate values of 
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So far, it seemed that dried samples with reduced particle sizes improved to 
perform the supercritical extractions. In view of the above, these parameters were set to 
study the influence of the operating variables, which will be discussed below.  
 
The effect of pressure on the oil extraction yield from alperujo was investigated 
with sc-CO2 at pressures of 20 MPa and 30 MPa. The results are shown in Figure 4.5 and, 
as expected, extraction yield strongly increased with pressure, according to the basic 
principles of the supercritical fluid extractions [49]. Studies on oil extraction from olive 
residues have reported the same behaviour [62,63,109], claiming that, at a constant 
temperature, the solubility of a substance in an SCF increases with pressure. 
 
 
Figure 4.5. Effect of pressure on oil yield: 20 MPa (♦) and 30 MPa (■). Conditions: T = 
373.2 K; Q = 0.18 kg h-1; MD = < 0.80 mm and alperujo water mass fraction, 1 %. 
 
0
20
40
60
80
100
120
140
0 10 20 30 40 50 60 70 80
m
g
 e
x
tr
a
ct
 g
 a
lp
er
u
jo
-1
Solvent ratio (kg CO2 kg dried alperujo
-1)
A unifying discussion of the results 
73 
Another set of experiments were conducted in order to study the effect of 
temperature on the supercritical extraction from alperujo. All other parameters were 
fixed; meanwhile, the temperature was increased from 323.2 K to 373.2 K. These 
temperatures were selected taking into account preliminary tests, which showed 
conditions for comparison of hydroxytyrosol extraction yield. The influence of 
temperature on the cumulative content of oil extracted is shown in Figure 4.6. 
 
 
Figure 4.6. Effect of temperature on oil yield: 323.2 K (♦) and 373.2 K (■). Conditions: 
P = 30 MPa; Q = 0.18 kg h-1; MD = < 0.80 mm and alperujo water mass fraction, 1 %. 
 
As can be seen in Figure 4.6, the highest extraction yield was found at the lowest 
temperature due to the fact that under these conditions, sc-CO2 had the highest solvent 
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the solutes, and their desorption from the solid matrices. At higher temperatures, the 
solute becomes more volatile, however, the sc-CO2 density decreases. For vegetable oils 
the crossover pressure is about 30 MPa [110]. At relatively low pressures and below the 
crossover pressure, like those used in this work (≤ 30 MPa), an decrease of density and 
solvent power with increasing temperature prevails, while an increase in vapour pressure 
prevails at relatively high pressures [49]. 
 
Although the highest extract yield extraction was obtained by using the lowest 
temperature, further experiments showed that the highest temperatures resulted in the 
highest total phenol content as will be shown later, so the highest temperature (373.2 K) 
was selected to study the other process parameters and solid conditions described below. 
 
As claimed before, once values of pressure and temperature are selected, the 
solvent ratio becomes the most important parameter for the supercritical fluid extraction, 
since this parameter is able to enhance the extraction rate more than by changing process 
parameters in a relatively narrow limit. Figure 4.7 shows the extraction curves that 
resulted from the use of three different CO2 mass flow rates that ranged from 0.06 kg h
-1 
to 0.30 kg h-1, operating at 30 MPa and 373.2 K with a length-to-diameter ratio of 
approximately 4:1 of the alperujo fixed bed. 
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Figure 4.7. Effect of solvent mass flow on oil yield: 0.06 kg h-1 (♦), 0.18 kg h-1 (■) and 
0.30 kg h-1 (▲). Conditions: P = 30 MPa; T = 373.2 K; MD = < 0.80 mm and alperujo 
water mass fraction, 1 %. 
 
As can be seen in Figure 4.7, an increase in flow rate led to a higher extraction 
yield and to shorter extraction times. However, the highest yield and rate were maxima 
when working at 0.18 kg h-1. These results could be confirmed in Figure 4.8, which shows 
that at a solvent hourly ratio of 7.5 kg CO2 h
−1 kg dried alperujo-1 (0.18 kg h-1) the 
extraction rate was the highest at every moment. These results could be explained by the 
fact that the flow rate from 0.06 kg h-1 to 0.18 kg h-1 enhanced superficial solvent velocity 
(see Table 4.2) which benefited turbulence and reduced the film layer of stagnant fluid 
around the solid, thus increasing the external mass transfer coefficients; however, larger 
flow rates (0.30 kg h-1) reduced the residence time (see Table 4.2), which reduced the 
time for oil solubilization [107]. 
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Figure 4.8. Extraction rate for increasing solvent ratios at three moments: 10 min (♦), 30 
min (■), 50 min (▲). Conditions: P = 30 MPa; T = 373.2 K; MD = < 0.80 mm and 
alperujo water mass fraction, 1 %. 
 
Table 4.2. Solvent velocities (u) and residence times at different CO2 flow rates. 
Conditions: 30 MPa, 373.2 K and 662 kg CO2 m
-3. 
CO2 flow rate (kg h-1) u (mm s-1) Residence time (min) 
0.06 0.1 55 
0.18 0.2 18 
0.30 0.3 11 
 
Finally, the influence of the solvent flow rate cannot be discussed without 
considering economic consequences. This is, for commercial purposes, the solvent flow 
0
5
10
15
20
25
30
35
40
45
0 2 4 6 8 10 12 14
m
g
 e
x
tr
a
ct
 g
 a
lp
er
u
jo
-1
Solvent hourly ratio (kg CO2 h
-1 kg dried alperujo-1)
A unifying discussion of the results 
77 
rate should be optimized in terms of extraction time and solvent volume used per 
operation because these influence operational and investment costs. The cost of the SCF 
installation increases as the square root of the solvent flow rate does, as it has been 
demonstrated by Perrut [111]. Therefore, it is necessary to optimize this parameter in 
order to design and run a profitable facility. Table 4.3 shows a summary of the solvent 
ratio as a function of the oil extraction yield from alperujo at the most favourable 
conditions of pressure, temperature and solvent flow rate (30 MPa, 323.2 K and 0.18 kg 
CO2 h
-1), within a period of 280 min. As can be seen in Table 4.3, up to 94 % oil extraction 
yield could be achieved by using 35 kg CO2 kg dried alperujo
-1. However, using only 30 
kg CO2 kg dried alperujo
-1 it was possible to achieve an extraction yield of 93 %; i.e. by 
reducing CO2 consumption by 15 %, an almost similar efficiency was achieved (only 1 
% lower). Similarly, by using 23 kg CO2 kg dried alperujo
-1, an extraction yield of about 
90 % oil extract was achieved. In order to extract a further 4 %, approximately 12 kg CO2 
kg dried alperujo-1 was required. 
 
4.1.3 Characterisation of the hydroxytyrosol-rich oil extracts 
 
In order to confirm the selective extraction of hydroxytyrosol-rich oil extracts by 
using sc-CO2, oil extracts obtained by supercritical fluid extraction were compared with 
those obtained by conventional Soxhlet extraction with n-hexane. For this, analysis of 
hydroxytyrosol content, total phenol content and antioxidant capacity of the oil extracts 
from alperujo were carried out. The results are summarized in Table 4.4. 
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Table 4.3. CO2 consumption as a function of temperature and extraction rate of 
hydroxytyrosol-rich oil from alperujo. Conditions: 30 MPa, 323.2 K and 0.18 kg h-1. 
Solvent ratio  
(kg CO2 kg dried alperujo-1) 
Oil extraction yield (%) 
9 46 
11 57 
13 68 
16 82 
19 87 
23 90 
26 91 
26 92 
30 93 
32 94 
35 94 
 
During the supercritical fluid extractions, the highest values of hydroxytyrosol, 
total phenol content and therefore, antioxidant capacity, were found in the oily extracts 
obtained at the uppermost pressure (30 MPa) and temperature (373.2 K). In the case of 
the total phenol content (expressed as mg gallic acid equivalent g extract-1), working at 
30 MPa and 373.2 K, this content was 2.7 times higher than in the extracts obtained at 30 
MPa and 323.2 K. Likewise, in samples obtained at 30 MPa and 373.2 K the 
hydroxytyrosol content was 1.6 times greater than in samples obtained at the uppermost 
pressure and 323.2 K. Consequently, the antioxidant capacity of the supercritical extracts 
was also higher at 30 MPa and 373.2 K. This could be related to the fact that the 
temperature improved the mass transfer of this type of compounds from the cell [63,109]. 
These results contrasted with the total extraction yield, which was greater at low 
temperatures.  
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Table 4.4. Hydroxytyrosol content, total phenol content and antioxidant capacity of the extracts from alperujo. 
Conditions mg hydroxytyrosol g extract-1 mg gallic acid equivalent g extract-1 μM Trolox equivalent g extract-1 
Supercritical fluid extraction 
20 MPa and 323.2 K Not detected 1.3 ± 0.0 720 ± 18 
20 MPa and 373.2 K 0.7 ± 0.0 2.7 ± 0.0 1,454 ± 209 
30 MPa and 323.2 K 1.2 ± 0.1 3.5 ± 0.0 1,944 ± 85 
30 MPa and 373.2 K 1.9 ± 0.1 9.6 ± 0.1 6,726 ± 156 
Conventional Soxhlet extraction with n-hexane 
 Not detected 1.9 ± 0.6 222 ± 37 
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It could be also considered difficult to extract hydroxytyrosol by using pure sc-
CO2; however, the extraction of an hydroxytyrosol-rich oil extract by sc-CO2 extraction 
can be explained by three main facts. First of all, during the olive oil mechanical process, 
the major proportion of hydroxytyrosol is contained in the aqueous phase, while only a 
minor percentage (< 2 % in mass fraction) is in the olive oil. After removing most of the 
water contained in the alperujo, the hydroxytyrosol is concentrated in the dried sample, 
making it more readily available for subsequent supercritical extraction.  
 
The second explanation is due to the amphiphilic nature of hydroxytyrosol and the 
lipophilic nature of its conjugated derivatives, which is reported in several works 
[39,42,43,112]. In fact, the high antioxidant character of hydroxytyrosol and derivatives 
is partly due to this lipophilic characteristic [112]. As some of these hydroxytyrosol 
derivatives are highly lipophilic [113], e.g. some flavonoids and the aglycon derivatives 
of oleuropein and dimethyl oleuropein, they are also more extractable by sc-CO2. 
 
The third fact is that the olive oil itself contained in the alperujo (about 14 % d.b.) 
could have acted as a matrix cosolvent during the extraction of this polar compound. This 
is already known and reported in the literature. Krichnavaruk et al., (2008), for example, 
reported the sc-CO2 extraction of astaxanthin (another polar compound) from 
Haematococcus pluvialis by using vegetable oils (soybean oil and olive oil) as co-solvent. 
Vasapollo et al., (2004), on the other hand, claimed the extraction of lycopene from 
tomato using sc-CO2 in the presence of hazelnut oil as co-solvent. Finally, Sun and 
Temelli (2006) used canola oil as cosolvent during the sc-CO2 extraction of carotenoids 
from carrot. 
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On the other hand, it can be also seen in Table 4.4 that hydroxytyrosol could not 
be detected in the samples extracted with n-hexane. In general, n-hexane is not a good 
solvent for phenolic compounds [42,43]. Another possible reason to not find 
hydroxytyrosol in the extract from this solvent was the harsh conditions and the prolonged 
duration of the Soxhlet method. The temperature in the distillation flask in contact with 
the heating element was probably too high; the degradation temperature of 
hydroxytyrosol starts at approximately 536 K [117]. Moreover, the assays were 
conducted in the natural light of the laboratory as the Soxhlet apparatus was made of 
glass. Hydroxytyrosol is also sensitive to light and oxidation [42,43]. This did not happen 
with the sc-CO2 extraction, as a high purity CO2 was used to avoid large amounts of 
oxygen in the process [94]. The operating temperature was moderate (≤ 373.2 K) and the 
extract was protected from light in all parts of the installation. 
 
Finally, the hydroxytyrosol content found in the supercritical extracts of this work 
was higher compared to other values reported in the literature. The maximum 
hydroxytyrosol concentration of those analysed in this work (1900 ppm), was greater than 
the value reported by De Marco et al., (2007) in olive mill wastewater (1224 ppm) and 
significantly superior than that reported by Owen et al., (2000) in extra virgin oil (232 
ppm). The difference in hydroxytyrosol content would be mainly related to the different 
raw material, harvesting conditions or other environmental factors; although it could be 
connected to the way the extraction was carried out. 
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4.2 Use of the Hansen approach to predict the best cosolvents for sc-CO2 to 
selectively extract bioactive compounds 
 
The suitability of sc-CO2 to extract neutral lipids from plant matrices is well 
known. However, this solvent does not have the ability per se to extract active compounds 
of a polar nature; consequently, a cosolvent must sometimes be added to the supercritical 
gas in order to increase the extraction yield and selectivity of the supercritical extraction. 
Another objective of this thesis was to extract oils rich in carotenoids and long chain fatty 
acids; and since these compounds do not solubilise easily in sc-CO2, it was necessary to 
consider the addition of cosolvents to the supercritical gas in order to increase the 
solubility of the target compound, increase the separation factor and thus reduce the 
operating pressure and CO2 consumption. However, at supercritical conditions, choosing 
a proper cosolvent is a quite difficult task because long and expensive experimental tests 
are needed; therefore, theoretical estimations should be implemented. 
 
The Hansen approach provides a useful estimation for the selection of solvents in 
the prediction of the miscibility of natural bioactive compounds [96]. Therefore, the aim 
of this section was to predict the best cosolvents for sc-CO2 by using the HST to achieve 
the selective extraction of compounds with nutritional interest from microalgae.  
 
The calculations were made by using a 5 % volume fraction of several organic 
cosolvents to ensure a supercritical homogeneous mixture. β-carotene and oleic, linoleic 
and α-linolenic acids as examples of valuable carotenoids and fatty acids, respectively, 
were used as target compounds for the extraction. The order of the cosolvent ability was 
A unifying discussion of the results 
83 
deduced based on minima Ra values in a wide range of operating conditions suitable for 
the supercritical extraction. 
 
Considering that the mixtures sc-CO2 + cosolvent should be a single supercritical 
phase (completely miscible) at the operating conditions to reach the desired entrainer 
effect [120], the existence of a single homogeneous phase for all the mixtures at the 
explored interval of conditions in this thesis was corroborated by visual inspection in the 
high-pressure variable volume view cell described in Section 3.3.4. 
 
4.2.1 Hansen solubility parameters of target compounds 
 
There was not enough data in the literature regarding the physical properties and 
solubility parameters of the solute-solvent pairs of this thesis. Therefore, the HSP values 
of the bioactive compounds involved, from the dispersion (δd), polar (δp) and hydrogen 
bonding (δh) forces were calculated according to the GCM proposed by Hansen [73]. 
Likewise, the influence of temperature on the HSP values of the target compounds was 
calculated by using Equation (3.1) described in Section 3.3.1, based on the Jayasri and 
Yaseen method [95]. As mentioned before, below the critical points of the target 
compounds, pressure does not exert a considerable influence on their HSP [96]; therefore, 
this influence was not considered. Finally, critical temperatures required in Equation (3.1) 
were obtained by using the GCM proposed by Joback [97]. The structures used to carry 
out the mentioned GGM could be found in Figure 1.1, Figure 1.2, Figure 1.3a, Figure 
1.3b and Figure 1.3c. 
 
Supercritical extraction of bioactive compounds from vegetable matrices and their 
encapsulation with supercritical fluid advanced techniques 
84 
Table 4.5 shows the HSP for β-carotene, oleic, linoleic and α-linolenic acid at 
NTP (298.2 K and 0.1 MPa). In order to visualize the effect of temperature on the HSP 
of the compounds involved in this thesis, Table 4.5 also contains the HSPs of the target 
compound at 313.2 K, which was a common condition in Publications II and IV. 
However, data related to the HSP of each compound at the studied conditions could be 
retrieved in Publications II, III and IV. 
 
Table 4.5. Hansen solubility parameters of bioactive compound studied in this thesis. 
Target 
compound 
298.2 K and 0.1 MPa   313.2 K and 20 MPa  
δd 
MPa1/2 
δp 
MPa1/2 
δh 
MPa1/2 
δT 
MPa1/ 
 δd 
MPa1/2 
δp 
MPa1/2 
δh 
MPa1/2 
δT 
MPa1/ 
β-carotene 16.74 2.32 5.39 17.74  16.63 2.30 5.35 17.62 
Oleic acid 17.40 2.67 6.43 18.74  17.26 2.65 6.38 18.59 
Linoleic acid 18.29 2.94 7.24 19.89  18.14 2.92 7.18 19.73 
α-Linolenic 
acid 
18.03 3.03 7.61 
19.80 
 
17.89 3.01 7.55 19.65 
 
As can be seen in Table 4.5, for all the target compound involved in this research 
thesis, δd had the highest contribution due to the presence of a long straight-chain 
hydrocarbon in their structures. It is worth pointing out the high value of the hydrogen 
contributions (δh) in the fatty acids studied, which is mainly caused by the carboxylic 
group in their structure, which gives polar and hydrogen bonding contributions, 
respectively. However, the carboxylic group has a bigger impact than the olefin group, 
and for that reason, the hydrogen bonding forces are higher.  
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Finally, as can be seen in Table 4.5, the HSP of the studied compounds varied 
only slightly within the explored temperature interval. However, these minor changes 
should be considered during predictions, as they could cause practical differences during 
validations [68,69,96]. 
 
4.2.2 Hansen solubility parameters of solvents 
 
Table 4.6 shows the HSP for sc-CO2 and its SCM with various cosolvents. To 
visualize the effect of pressure and temperature, HSP values were reported as an example 
at two different temperatures (313.2 K and 323.2 K) and pressures (10 MPa and 20 MPa). 
The addition of cosolvents to sc-CO2 mainly increased δd, and therefore δT, which reduced 
the energy difference (Ra) between the target compounds and all the SCM. On the other 
hand, both temperature and pressure strongly influenced the HSP of the solvents. An 
increase in temperature decreased the HSP of all the supercritical solvents; δd decreased 
the most, followed by δh and δp. Contrarily, a rise in pressure at a constant temperature 
notably increased the solubility parameters by increasing the solvent density. 
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Table 4.6. Hansen solubility parameters of CO2 and its supercritical mixtures at a 
volume fraction of 5 % cosolvent in CO2. 
Solvent T 
K 
P 
MPa 
δd 
MPa1/2 
δp 
MPa1/2 
δh 
MPa1/2 
δT 
MPa1/2 
 
sc-CO2 
313.2 10 7.31 4.64 4.12 9.59 
20 10.51 5.36 4.76 12.72 
323.2 10 3.95 3.63 3.18 6.24 
20 9.64 5.18 4.54 11.85 
 
sc-CO2 + benzene 
313.2 10 7.86 4.41 4.01 9.86 
20 10.90 5.10 4.62 12.89 
323.2 10 4.65 3.45 3.11 6.58 
20 10.07 4.93 4.41 12.05 
 
sc-CO2 + toluene 
313.2 10 7.84 4.48 4.01 9.88 
20 10.88 5.17 4.62 12.90 
323.2 10 4.64 3.52 3.11 6.60 
20 10.05 4.99 4.41 12.06 
 
sc-CO2 + 
cyclohexane 
313.2 10 7.78 4.41 3.92 9.77 
20 10.82 5.10 4.53 12.79 
323.2 10 4.58 3.45 3.03 6.48 
20 9.99 4.93 4.32 11.95 
 
sc-CO2 + ethanol 
313.2 10 7.73 4.85 4.86 10.34 
20 10.77 5.54 5.47 13.29 
323.2 10 4.53 3.88 3.95 7.15 
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20 9.95 5.36 5.25 12.46 
 
sc-CO2 + methanol 
313.2 10 7.70 5.02 5.00 10.46 
20 10.74 5.71 5.62 13.40 
323.2 10 4.49 4.06 4.09 7.31 
20 9.91 5.54 5.39 12.57 
 
sc-CO2 + acetone 
313.2 10 7.72 4.93 4.25 10.09 
20 10.76 5.62 4.86 13.08 
323.2 10 4.51 3.96 3.35 6.88 
20 9.93 5.44 4.65 12.24 
 
sc-CO2 + n-hexane 
313.2 10 7.69 4.41 3.91 9.69 
20 10.74 5.10 4.52 12.72 
323.2 10 4.49 3.45 3.02 6.41 
20 9.91 4.93 4.31 11.87 
 
sc-CO2 + diethyl 
ether 
313.2 10 7.67 4.55 4.16 9.84 
20 10.72 5.24 4.77 12.85 
323.2 10 4.46 3.59 3.26 6.59 
20 9.89 5.07 4.56 12.01 
 
4.2.3 Miscibility predictions for the selection of the best cosolvent 
 
The miscibility of oleic, linoleic and α-linolenic acid (as model fatty acids from 
microalgae) and β-carotene (as model carotenoid also contained in microalgae) in sc-CO2 
and its mixtures with several organic solvents was estimated by using the Ra parameter. 
The smaller the Ra value of the SCM, the more the miscibility of the bioactive compound 
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in the SCF. Consequently, and according to the theory, the SCM with the lowest Ra would 
represent the most suitable supercritical solvent. 
 
First of all, Publication II aimed to predict the best cosolvents to improve the 
solubilization of oleic and linoleic acid in sc-CO2 by using the HST and involving eight 
organic cosolvents to achieve this goal. Some of them were allowed in the manufacture 
of foodstuff: acetone, cyclohexane, diethyl ether, ethanol, n-hexane and methanol [100]. 
The remainder solvents were acceptable in pharmaceutical production: benzene and 
toluene [101]. Since after Publication II it was established that HST does not predict a 
correct interaction between ring-structure cosolvents and the target compounds, these 
organic cosolvents (cyclohexane, benzene and toluene) did not participate in the 
predictions of Publications III nor IV, so only solvents permitted in food production 
were considered.  
 
Water was not considered as a cosolvent for either case since it was corroborated 
that a mixture of sc-CO2 with a volume fraction of 5 % water was not a homogeneous 
supercritical phase within the explored interval of operating conditions studied in this 
thesis. On the other hand, in this research, we wanted to obtain oil extracts rich in active 
compounds, and it was our experience that water forms emulsions with oily extracts, 
hampering the extraction. 
 
Table 4.7 shows the Ra values between oleic, linoleic and α-linolenic acids and 
supercritical solvents at a cosolvent volume fraction of 5 % in CO2. As can be seen, in 
the case of oleic and linoleic acids, at the conditions tested in Publication II, the best 
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cosolvents, by decreasing order, were benzene, toluene, cyclohexane, ethanol, methanol, 
acetone, n-hexane and diethyl ether. Likewise, at the conditions tested in Publication III, 
the same cosolvent order was found for α-linolenic acid, but without take into account the 
ring-structure cosolvents. Moreover, according to Table 4.7, the highest pressure always 
resulted in the lower Ra values and therefore better miscibility condition, due to the 
subsequent increase in the solvent density and the corresponding increase in the solvation 
power.  
 
Table 4.7. Ra values between oleic, linoleic and α-linolenic acids and supercritical 
solvents at a cosolvent volume fraction of 5 % in CO2. 
Solvent  Oleic acid Linoleic acid α-Linolenic 
acid 
313.2 K 305.2 K 
10 MPa 20 MPa 10 MPa 20 MPa 20 MPa 
sc-CO2 + benzene 16.18 10.25 20.77 14.78 - 
sc-CO2 + toluene 16.22 10.30 20.81 14.83 - 
sc-CO2 + cyclohexane 16.34 10.41 20.94 14.94 - 
sc-CO2 + ethanol 16.39 10.51 20.95 14.98 13.76 
sc-CO2 + methanol 16.47 10.62 21.02 15.06 13.84 
sc-CO2 + acetone 16.49 10.62 21.06 15.10 13.89 
sc-CO2 + n-hexane 16.52 10.58 21.12 15.12 13.89 
sc-CO2 + diethyl ether 16.54 10.62 21.13 15.13 13.90 
sc-CO2 17.26 11.05 21.85 15.57 14.29 
 
Finally, for β-carotene, the most adequate cosolvents at the operating conditions 
explored in Publication IV, were ethanol, hexane, acetone and methanol, as can be seen 
in Table 4.8. As an interesting result, this ranking did not correspond to the solubility of 
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β-carotene in the cosolvents studied at NTP, which were published elsewhere [121] and 
was by decreasing order: n-hexane, acetone, ethanol and methanol. 
 
Table 4.8. Ra values between β-carotene and supercritical fluids (sc-CO2 and its 
mixtures) at 20 MPa, 313.2 K and a cosolvent volume fraction of 5%. 
Solvent Ra 
sc-CO2 + ethanol 12.14 
sc-CO2 + hexane 12.14 
sc-CO2 + acetone 12.21 
sc-CO2 + methanol 12.26 
sc-CO2 12.63 
 
The entrainer effect is obtained when there are specific interactions between the 
cosolvent and the target compound, such as dipole-dipole, dipole-induced dipole, induced 
dipole-induced interactions (dispersion) and other specific interaction such as hydrogen 
bonding [120]. The long chain target compounds studied in this thesis mainly interacted 
through dispersion forces, due to the non-polar nature of all of them. Regarding this, in 
all cases studied in this thesis, the addition of an organic cosolvent to the sc-CO2 improved 
the miscibility of the bioactive compound due to the fact that the addition of cosolvents 
increased mainly the dispersion (δd) contributions in sc-CO2 (see Table 4.6), thus 
decreasing the energy difference (Ra) between the target compound and the SCM. 
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4.2.4 Prediction of the impact of the amount of cosolvent on the miscibility 
enhancement 
 
In addition to predicting the best cosolvent to improve the selectivity of sc-CO2 
extraction, the impact of the amount of cosolvent on the miscibility enhancement was 
investigated. As model compounds, oleic and α-linolenic acids were chosen. Figure 4.9 
shows the miscibility enhancement of oleic (see Figure 4.9a) and α-linolenic acid (see 
Figure 4.9b) with increasing ethanol concentrations at raising pressures predicted by the 
Hansen approach. To do so, the percentage reduction of the Ra values of the mixture sc-
CO2 + ethanol in relation to pure sc-CO2 was plotted as a function of increasing volume 
fraction of ethanol, as described Equation (3.6). For both cases, a non-linear relationship 
between miscibility enhancement and the cosolvent concentration was observed, mainly 
at the highest pressures. Moreover, the miscibility enhancement was higher at low 
cosolvent concentrations and low pressures, being almost linear at 10 MPa for both oleic 
and α-linolenic acid. At higher pressures, the miscibility in the solvent mixture decreased 
at ethanol concentrations above a volume fraction of 15 % for oleic acid and 25 % with 
α-linolenic acids. This behaviour has been also experimentally detected for different 
systems [66,120,122] and could be explained due to the reduction of the molar volume of 
the solvent mixture with the increase of pressure and the cosolvent fraction and to the 
self-association of the cosolvent. Although these cannot be the only explanations, given 
that for the same cosolvent, the reduction in the miscibility enhancement does not always 
occur at the same pressure and concentration, as can be seen by comparing Figure 4.9a 
and Figure 4.9b. Therefore, it must also be related to the target compound. To sum up and 
based on the predictions made by the HST, the lower the miscibility of the compound of 
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interest in sc-CO2 alone, the higher the concentration of cosolvent and the pressure needed 
to observe the bending phenomenon of the miscibility enhancement curves. 
 
4.2.5 Validation of predictions: Selective extraction of fatty acids 
 
As has been mentioned previously, predictions were first validated with 
equilibrium data and afterwards with extraction yields of oleic, linoleic and α-linolenic 
acids from T. suecica and β-carotene from D. salina. First of all, predictions done in 
Publication II and Publication III and reported in Table 4.7 were validated with bubble 
pressures of oleic, linoleic and α-linolenic acids in sc-CO2 and its SCM with cosolvents 
used in food and pharmaceutical applications. The experimental data were obtained in a 
high-pressure variable volume view cell, following the static synthetic method described 
in Section 3.3.4 and with a 5 % mass fraction of cosolvent in the SCM. Considering the 
conditions specified in Publications II and III, the bubble pressures of oleic and linoleic 
acid in the supercritical solvents were obtained at 313.2  K and a molar fraction of 0.003 
fatty acid. In the case of α-linolenic acid, the bubble pressures were obtained at 305.2 K 
and a molar fraction of 0.0015. Table 4.9 compiles this information, where the standard 
deviations in bubble pressures were on average 0.1 MPa. Due to equipment limitations, 
it was not possible to measure neither the bubble pressures of oleic acid in the SCM with 
methanol nor those bubble pressures of α-linolenic acid in the SCM made up of sc-CO2 
with methanol, acetone and diethyl ether.  
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a) b) 
Figure 4.9. Predicted miscibility enhancement of a) oleic and b) α-linolenic acid in CO2 + ethanol at 313.2 K and 10 MPa (▲), 20 MPa (x), 
30 MPa (■), 40 MPa (●), 50 MPa (Δ) and 60 MPa (◊) by the Hansen approach. 
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Table 4.9. Bubble pressures (MPa) for oleic, linoleic and α-linolenic acids with a 
cosolvent mass fraction of 5 % in sc-CO2. 
Solvent Oleic acid Linoleic acid α-Linolenic acid 
313.2 K and x = 0.003* 305.2 K and x = 
0.0015* 
sc-CO2 + benzene 16.2 16.3 - 
sc-CO2 + toluene 15.8 18.0 - 
sc-CO2 + cyclohexane 17.2 17.4 - 
sc-CO2 + ethanol 10.4 9.6 12.1 
sc-CO2 + methanol Not measured 10.6 - 
sc-CO2 + acetone 12.8 12.4 - 
sc-CO2 + n-hexane 16.9 15.5 12.8 
sc-CO2 + diethyl ether 17.1 17.4 - 
sc-CO2 22.3 22.2 13.0 
*x: fatty acid molar fraction 
 
In Table 4.9, the lower the bubble pressure the higher the miscibility. Therefore, 
by comparison of the cosolvent order predicted and shown in Table 4.7 with the 
equilibrium pressures reported in Table 4.9, it could be seen that the experimental results 
agreed with predictions made through the HST, except for the cosolvents with a ring 
structure. This result was not expected, but apparently, at supercritical conditions the ring 
structure in the cosolvents tested (cyclohexane, benzene and toluene) provided to the 
molecule with stability that was not predicted by the GCM used in the Hansen approach, 
avoiding the required entrainer – solute interactions to promote the cosolvent effect. As a 
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result, the best cosolvents for the solubilisation of oleic, linoleic and α-linolenic acids, at 
the conditions specified, were the short-chain alcohols, being ethanol the best. 
 
Then, the utility of the HST to reach the selective extraction of oleic, linoleic and 
α-linolenic acid from T. suecica was tested (Publication III). Pure sc-CO2 and two 
mixtures of sc-CO2 with 5 % of ethanol (best predicted) or n-hexane (worse predicted) 
were used as solvents at 20 MPa and 305.2 K to validate the predictions reported in Table 
4.7. To do so, the fatty acids concentration was analysed in the extract. The initial oil 
content in T. suecica was quite low (0.03 kg oil extract kg dried T. suecica-1), as shown 
in Table 3.1. However, 50 % of the total oil contained in the microalgae was extracted at 
20 MPa and 305.2 K by using 18 kg CO2 kg dried T. suecica
-1 over a 180 min period. 
 
Table 4.10 shows that the amount of the three fatty acids was much higher in the 
oil obtained with sc-CO2 and ethanol. i.e., the obtained extract with pure sc-CO2 contained 
approximately 14.9 %, 3.7 % and 15.7 % of oleic, linoleic and α-linolenic acid, 
respectively; while the obtained extract with the sc-CO2-ethanol mixture contained 52 %, 
54 % and 61 % more. The mean standard deviation for the fatty acid concentration in 
Table 4.10 was 0.5 % mass fraction. The use of both cosolvents improved the selective 
extraction of fatty acids from the microalgae, with the largest increase occurring in the 
mixture made up of CO2 + ethanol, which agreed with the predictions based on the Ra 
values contained in Table 4.7. 
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Table 4.10. Fatty acids content in the oil extracts obtained from Tetraselmis suecica at 
305.2 K, 20 MPa and a cosolvent mass fraction of 5 % in sc-CO2.  
 
Solvent 
Mass fraction of the fatty acid in the extract (%) 
Oleic acid Linoleic acid α-Linolenic acid 
sc-CO2 14.9 3.7 15.7 
sc-CO2 + n-hexane 15.7 3.9 16.1 
sc-CO2 + ethanol 22.7 5.7 25.3 
 
4.2.6 Validation of predictions: Selective extraction of β-carotene 
 
Firstly, equilibrium pressures of β-carotene in sc-CO2 and its mixtures with a 5 % 
mass fraction of acetone, ethanol, n-hexane and methanol as cosolvents were measured. 
Results are reported in Table 4.11 and as can be seen, the best cosolvent for the 
solubilization of β-carotene in sc-CO2 was ethanol followed by n-hexane, acetone and 
methanol. Accordingly, the addition of a mass fractions of 5 % ethanol to the sc-CO2 
significantly reduced the equilibrium pressure from 26.0 MPa to 14.6 MPa, which was 
consistent with the predictions made through the HST and reported in Table 4.8. 
 
Extraction data from our laboratory was also used to validate the predictions from 
Table 4.8. The total extraction time during the supercritical fluid extractions for these 
validations was set at the beginning of the plateau of the time versus extraction yield 
curve, at the highest CO2 density (30 MPa and 308.2 K). Figure 4.10 shows that, at these 
conditions, the beginning of the plateau was observed around 180 min. Moreover, these 
assays were carried out using a solvent flow rate of 0.18 kg CO2 h
-1, which provided a 
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CO2 consumption of 54 kg CO2 kg dried D. salina
-1. By using this solvent ratio of pure 
sc-CO2 a yield of 64 g oil extract kg dried D. salina
-1 (6.4 %) was obtained, which was 
equivalent to roughly 30.5 % of the total extractable oil in the microalgae based on the 
Soxhlet extraction (see Table 3.1 and Table 4.12). The higher total yield with n-hexane 
was probably due to the less selective extraction for neutral lipids of this organic solvent. 
 
Table 4.11. Bubble pressures (MPa) for β-carotene at 333.2 K and a molar fraction of 4 
10-7 in sc-CO2 and supercritical mixtures with a cosolvent mass fraction of 5 % in sc-
CO2. Mean standard deviation: 0.2 MPa. 
Solvent Equilibrium pressure 
(MPa) 
sc-CO2 + ethanol 14.6 
sc-CO2 + n-hexane 16.1 
sc-CO2 + acetone 17.7 
sc-CO2 + methanol 18.2 
sc-CO2 26.0 
 
However, it was decided to proceed with the comparisons in the extraction yield 
and selectivity to carotenoids, using 20 MPa instead of 30 MPa, as one of the purposes of 
using cosolvent during supercritical extractions is to reduce operating conditions, which 
are directly related to operation and capital expenditure.  
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Figure 4.10. Oil extraction yield as a function of time of carotenoid-rich oil from 
Dunaliella salina at 30 MPa, 308.2 K and 0.18 kg CO2 h
-1. A time of 180 min was 
selected to perform the following supercritical extractions. 
 
Table 4.12 shows the total oil and carotenoids extraction yield from D. salina at 
180 min, 54 kg solvent (pure CO2 or solvent mixture) kg dried microalgae
-1 and different 
operating conditions when using sc-CO2 and its mixtures with methanol and ethanol at a 
mass fraction of 5 %. Again, the cosolvent remaining could not be tested due to safety 
considerations. Moreover, based on the analysis of the microalgae provider, the β-
carotene represented a mass fraction of 86 % of the total carotenoids content. Therefore, 
the β-carotene was assumed as the most abundant compound present in the enriched-
carotenoid extract reported in Table 4.12. In Table 4.12, the maximum standard deviation 
was 4 % in mass fraction and 10 % in mass fraction for oil and carotenoids yield, 
respectively. 
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Table 4.12. Total oil and carotenoids extraction yield from Dunaliella salina at 180 min and 54 kg solvent (pure CO2 or solvent mixture) 
kg dried microalgae-1. 
Pressure 
(MPa) 
Temperature 
(K) 
Oil extraction yield 
(g oil extract kg microalgae-1) 
Carotenoids extraction yield 
(g carotenoids kg microalgae-1) 
Ratio Carotenoids/Oil 
Pure sc-CO2 
 308.2 33 4 0.12 
20 318.2 38 6 0.16 
 328.2 45 12 0.27 
 308.2 56 15 0.27 
30 318.2 58 18 0.31 
 328.2 64 23 0.36 
sc-CO2 + 0.05 kg methanol kg solvent-1 
20 308.2 40 6 0.15 
318.2 42 9 0.21 
sc-CO2 + 0.05 kg ethanol kg solvent-1 
20 308.2 49 11 0.22 
318.2 54 25 0.46 
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The addition of a mass fractions of 5 % ethanol to the sc-CO2 significantly 
increased the affinity of sc-CO2 for the β-carotene, which agreed with the prediction made 
by the Hansen approach. As shown, extraction from D. salina at 318.2 K and 20 MPa, 
resulted in a carotenoid extraction yield of 25 g carotenoids kg microalgae-1, which was 
more than four times than in pure sc-CO2 (6 g carotenoids kg microalgae
-1). Furthermore, 
the selectivity of the extraction was enhanced as the carotenoid concentration in the 
extract was increased from 16 % when using sc-CO2 alone to 46 % if a mixture sc-CO2-
5 % ethanol was utilized. 
 
The β-carotene extraction yields notably increased with pressure due to the 
subsequent increase of the solvent density and solvent capacity. However, the impact of 
temperature was not well foreseen. Ra values were lower at higher temperatures 
suggesting a higher extraction yield with all the SCF involved. On the contrary, the β-
carotene content in the extract was higher at the highest temperature in all cases. As an 
example, carotenoids content in the extract obtained using sc-CO2 + 0.05 kg ethanol kg 
solvent-1 at 20 MPa and 318.2 K was 25 g carotenoids kg dry microalgae-1, while at 308.2 
K it was 11 g carotenoids kg microalgae-1. This positive impact of temperature on 
carotenoids extraction yield was initially unexpected since a rise in temperature reduces 
the density of the supercritical solvent, which reduces its solvent power as reflected in the 
Ra values. However, temperature positively affects the mass transfer. For instance, 
temperature increases the solute´s effective diffusivity within the solid and external 
transportation into the bulk of the supercritical phase and promotes the cell wall to 
rupture, so the sc-CO2 could then extract more lipids [107] and so more carotenoids. 
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Moreover, a rise in temperature increases the solute vapour pressure as expressed 
in the Antoine equation. At low pressures, the density effect is predominant and therefore 
the extraction is better at low temperature, whereas if the pressure is high, higher 
temperatures benefit the extraction due to the increase in the solute vapour pressure. 
Therefore, the isotherms in the pressure-solubility diagrams intersect at a point called the 
crossover point, which represents the pressure at which the operating temperature 
increase, benefits the extraction [49]. Mendes et al., [123] reported the crossover point of 
β-carotene between 15 MPa and 17 MPa. Then, at higher pressures, the solubility of this 
compound both in pure and ethanol-modified CO2 increased when raising temperature 
from 313.2 K to 333.2 K. The Hansen theory approach takes into account neither the 
increase of the solute volatility with temperature, nor the enhancement of the kinetic 
which could turn into an inconvenient for the HSP approach when predicting the best 
conditions for an extraction. 
 
As another interesting finding, the carotenoids extraction yields reported in this 
research thesis represent the highest values reported in the literature. As examples, the 
highest carotenoids content reported by Jaime et al. [124] was 4.74 g carotenoids kg dry 
microalgae-1 at 43.7 MPa, 298.85 K, working at the subcritical condition of CO2, and 120 
kg CO2 kg dry microalgae
-1. Macías-Sánchez et al. [125], on their part, reported almost 
15 g carotenoids kg dry microalgae-1 at 30 MPa, 333.2 K using 360 kg CO2 kg dry 
microalgae-1. However, in this work, by using only 54 kg CO2 kg dry microalgae
-1, 23 g 
carotenoids kg dry microalgae-1 were extracted at 30 MPa and 328.2 K. Even better 
extraction yield (25 g of carotenoids kg of dry microalgae-1) was obtained with the same 
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CO2 consumption, using ethanol as a cosolvent under milder conditions of both pressure 
(20 MPa) and temperature (318.2 K). 
 
4.3 Encapsulation of astaxanthin by continuous Supercritical Fluid Extraction of 
Emulsions 
 
One of the objectives of this thesis was the subsequent encapsulation by advanced 
supercritical techniques (SFEE in this case) of the bioactive compounds extracted by 
supercritical fluid extraction. In Publication IV, the selective supercritical extraction of 
β-carotene was performed with the help of the Hansen approach; however, Professor 
María José Cocero's research group from Valladolid had already studied the 
encapsulation of this compound by means of the SFEE technique [126]. Moreover, the 
encapsulation by SFEE of hydroxytyrosol-rich oil extracts and the high-value fatty acid-
rich oil extracts were also studied by our own research group in the works published by 
Calvo et al., [127] and Prieto and Calvo [128], respectively; so scientific novelty was 
compromised. In view of the above, it was decided to encapsulate astaxanthin (another 
interesting carotenoid from the microalgae H. pluvialis) by SFEE. Nevertheless, 
considering that Cocero's research group, by modifying a SAS equipment encapsulated 
the extract of shrimp residue rich in astaxanthin using SFEE [129], it was decided to 
encapsulate this compound in ethyl cellulose, a starch recently proposed as a possible 
food-grade carrier [78], by means of a high-pressure packed tower in counter-current 
mode. For this, research stay of almost four months was done in Professor Ernesto 
Reverchon’s laboratory at the University of Salerno (Italy), from which Publication V 
was derived. 
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Therefore, as a final section of this thesis, the effectiveness of the SFEE 
technology in a continuous layout for the encapsulation of astaxanthin in ethyl cellulose 
was addressed. The micronisation of ethyl cellulose alone and the study of the impact of 
its concentration in the organic phase was first studied. The surfactant (Tween 80) 
concentration in the aqueous phase was also examined. Afterwards, the antioxidant 
capacity of the elaborated particles containing astaxanthin and its release behaviour in 
SIF were investigated. Into the bargain, looking for a final food-grade product, all the 
component involved in the production of the particles were approved by the FDA [93]. 
 
4.3.1 The influence of the operating conditions 
 
It is relevant to choose the right pressure and temperature to perform the SFEE 
process, since these operating conditions should enhance the extraction of the organic 
solvent from the emulsion, avoiding the dissolution of the polymer and the bioactive 
compound in the sc-CO2 and circumventing the emulsion loss by washing out in the sc-
CO2 stream. Thus, the high-pressure vapour–liquid equilibria (VLE) of the pseudo-binary 
system ethyl acetate/CO2 was used to establish the operating conditions above the critical 
point of the SCM that should maximise the solvent extraction from the emulsion. The 
literature reports that at 311.2 K the mixture ethyl acetate/sc-CO2, with a CO2 molar 
fraction of 0.9, is supercritical at 8 MPa [92,130]. It is also well known that water is only 
slightly soluble in sc-CO2 at these operating conditions [131]. Besides, a temperature of 
311.2 K is also compatible with the glass transition temperature of ethyl cellulose, which 
is located at about 406.2 K [132]. 
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On the other hand, to reduce energy costs, it was not considered to use a higher 
pressure since in a previous work carried out by Reverchon’s group at the University of 
Salerno [92], a solvent residue of less than 50 ppm ethyl acetate was achieved when 
performed the micronisation of poly(lactic-co-glycolic acid) (PLGA) at 311.2 K and 8 
MPa and the same length of the column used in this work, which allows the use of the 
obtained particles in the pharmaceutical [101] and food industry [100] (the limit is 5000 
ppm). Furthermore, in the same work [92], microspheres coalescence was observed 
working at higher pressures. Another of the reasons why it was decided to work at the 
lowest pressure, was that the density difference between the emulsion and the sc-CO2 was 
larger. By fixing the temperature at 311.2 K and operating at 8 MPa, the maximum 
difference in density between the emulsion and sc-CO2 is obtained because they are of 
1000 kg m-3 against 300 kg m-3, respectively [92]. This favoured the existence of two 
distinct phases along the column and, therefore, its proper functioning avoiding flooding. 
 
Finally, the ratio between the emulsion and the sc-CO2 (L/G) was fixed at 0.1 
according to previous works, which optimised CO2 and emulsion flow rate [133]. In that 
work, when an overall amount of 0.40 kg CO2 was contacted with 0.04 kg emulsion for 
40 min, low values of solvent residue (between 40 ppm and 50 ppm) were obtained. 
Consequently, a CO2 flow rate of 1.4 kg h
-1 and an emulsion flow rate of 1.4 10-4 m3 h-1 
were used to perform the astaxanthin encapsulation in this thesis. 
  
A unifying discussion of the results 
105 
4.3.2 Selection of the starting emulsion 
 
Considering that the dispersed phase of the emulsion acts as a template for future 
particles, special attention must be paid to the starting formulation of the emulsion to be 
processed by SFEE. Based on the selection of components and composition, a droplet 
size can be provided and therefore the future structure and stability of the particles.[90]. 
In view of the above, different emulsion formulations were prepared and processed by 
SFEE varying polymer and surfactant concentration. The results obtained in terms of MD 
are presented in Figure 4.11. Additionally, the ANOVA test developed revealed that 
surfactant and polymer concentration, and their interactions, had a statistically significant 
effect on MD at a 95 % confidence level. 
 
 
Figure 4.11. Effect of surfactant and polymer concentration on the particle mean 
diameter. Tween 80 concentration of 0.1 % (), 0.2 % (♦), 0.3 % (○) and 0.6 % (Δ). 
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As can be appreciated in Figure 4.11 the increase in the polymer concentration 
increased the MD of particles. This behaviour has already been reported in the literature 
and can be explained by the fact that increasing polymer concentration increases the 
viscosity of the dispersed phase, and, the droplet size of the dispersed organic phase [134]. 
In fact, viscosity measurements were carried out on the four different organic phases used 
in our formulations. As a result, by increasing the polymer concentration, the viscosity of 
dispersed phase progressively increased, being 3.0 mPa.s, 4.0 mPa.s, 5.0 mPa.s and 6.5 
mPa.s for 1.0 %, 1.5 %, 2.0 % and 2.5 % polymer concentrations, respectively, and the 
final particle size varied accordingly as proposed Calderbank (1958) in the empirical 
Equation (4.1): 
 
d32 = A (
μd
μc
)
0.25
 
(4.1) 
 
In Equation (4.1), d32 is the average diameter (Sauter’s diameter) of the spheres, 
μd is the viscosity of the dispersed phase, μc the viscosity of the continuous phase and A 
is a coefficient which depends on many other factors [134]. As it is described in Equation 
(4.1) and shown in Figure 4.12, there was a linear relationship between the increase in 
particle size and the viscosity of the dispersed phase elevated to one quarter. The viscosity 
of the continuous phase was not modified and considered close to that of water at 298.2 
K such as has been claimed in previous works [134]. 
 
It can be also seen in Figure 4.11 that, by setting the polymer concentration in the 
oil phase and increasing the surfactant concentration, a reduction of nanocarriers MD was 
observed, in the sub micro- range (from 730 nm to 150 nm). The produced particles had 
A unifying discussion of the results 
107 
PDI values from 0.15 to 0.35. Besides, there were no statistically significant differences 
(p > 0.05) among all the polymer concentrations in the PDI response. On the contrary, 
there were statistically significant differences (p < 0.05) depending on surfactant content. 
Moreover, lower PDI values were reached at lower surfactant contents. However, there 
were no differences (p > 0.05) among the PDI at surfactant concentration of 0.2 % and 
0.3 %. A PDI value of 0.15 was achieved by using the lowest surfactant concentration, 
laying almost in the monodisperse range i.e. PDI lower or equal to 0.1. When the system 
is defined as monodisperse, all the particulate system can be treated as formed by particles 
of the same dimensions [136]. 
 
 
Figure 4.12. The influence of the viscosity of the dispersed phase in the particle size 
according to Equation (4.1). Tween 80 concentration of 0.1 % (●), 0.2 % (♦), 0.3 % (▲) 
and 0.6 % (■). 
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On the other hand, Figure 4.13 shows SEM images of the particles obtained as a 
function of the surfactant and polymer concentration. As can be seen, the particles 
obtained were spherical and some of them ellipsoidal. SEM images also show the effect 
of surfactant and polymer concentration on particles agglomeration and morphology. 
Beyond 0.3 % Tween 80, agglomeration and formation of unshaped particles was 
observed at all polymer concentrations. This pact was related to the fact that the higher 
surfactant concentration leads to a higher number of micelles produced in the emulsion, 
which leads to the agglomeration of the particles, thus also increasing the PDI [137]. On 
the other hand, at lower surfactant concentrations (0.1 % and 0.2 %), and exceeding 1.5 
% ethyl cellulose, the higher the amount of polymer, the greater the agglomeration and 
the formation of unshaped particles.  
 
In view of all of the above and taking into account that the surfactant and polymer 
expenditure could determine the costs of the particles production process [134], a 
surfactant concentration of 0.1 % in the organic phase was considered as the best. Another 
factor to choose the percentage of ethyl cellulose to encapsulate astaxanthin was the low 
solubility of astaxanthin in the organic phase, which conditioned the amount of polymer 
to use to obtain a higher astaxanthin/polymer ratio. As a result of this circumstance, the 
proportion of polymer in the organic phase was finally fixed at 1 % to carry out the 
encapsulation. Finally, an average polymer recovery mass of around 90 % was measured 
for all the formulations and specifically of 86 % for the formulation selected as optimal 
(0.1 % Tween 80 and 1.0 % ethyl cellulose), which also reached the lowest PDI value 
(0.15 ± 0.02). 
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a) 1.0 % ethyl cellulose b) 1.5 % ethyl cellulose c) 2.0 % ethyl cellulose d) 2.5 % ethyl cellulose 
0.1 % Tween 80 
   
 
 
Large aggregates 
e) 1.0 % ethyl cellulose f) 1.5 % ethyl cellulose g) 2.0 % ethyl cellulose  
0.2 % Tween 80 
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Large aggregates 
i) 1.0 % ethyl cellulose j) 1.5 % ethyl cellulose k) 2.0 % ethyl cellulose  
0.3 % Tween 80 
    
m) 1.0 % ethyl cellulose n) 1.5 % ethyl cellulose o) 2.0 % ethyl cellulose p) 2.5 % ethyl cellulose 
0.6 % Tween 80 
Figure 4.13. Scanning electron microscopy images of ethyl cellulose microspheres obtained at increasing polymer and surfactant 
concentrations. 
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4.3.3 A study on particle size, morphology, encapsulation efficiency, release profile 
and antioxidant activity of the astaxanthin loaded particles 
 
The selected starting emulsion was further used to encapsulate astaxanthin in ethyl 
cellulose. As a result, spherical and some ellipsoidal particles with MD of 363 nm ± 7 nm 
and PDI of 0.21 ± 0.03 were obtained, as can be seen in Figure 4.14. As expected, loaded 
particles obtained were larger than those obtained when ethyl cellulose was micronized 
alone, without active compound. Regarding this, the TEM analysis (see Figure 4.15) 
demonstrate that the astaxanthin was uniformly dispersed within the polymer system. In 
Figure 4.15, dark and light regions show the stained polymer and astaxanthin, 
respectively. 
 
On the other hand, an encapsulation efficiency of 84 % ± 2 % was achieved. 
Accordingly, the loading ratio astaxanthin/polymer was 2.1 10-2 kg astaxanthin kg 
powder-1. Taking into account that there is no Recommended Daily Intake (RDI) for 
astaxanthin, but most studies reported beneficial results from a daily intake of 4 10-6 kg 
[138]; it would be enough for a person to take 1.9 10-4 kg of the powder obtained in this 
work to promote health benefits. This is a relatively small amount, considering that a 
person would need to consume from 0.6 kg of salmon to reach the recommended 
consumption. Alternatively, a person would have to consume roughly 0.26 kg of the 
shrimp, but only if the shells were also consumed [138,139]. In addition, this dose could 
improve many blood parameters that may well be beneficial to heart disease [139]. 
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Figure 4.14. Scanning electron microscopy images at different magnifications of astaxanthin encapsulated in ethyl cellulose nanospheres 
produced with the optimised formulation. 
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Figure 4.15. Transmission electron microscopy image of astaxanthin-loaded particles 
obtained by continuous Supercritical Fluid Extraction of Emulsions 
 
Another aspect evaluated was the efficiency of ethyl cellulose as a matrix on 
sustaining the release of astaxanthin. To do so, experiments were performed in a SIF 
media with a pH value of 7.2 at 310.2 K to simulate physiological temperature. Figure 
4.16 shows the obtained release profile, which was fast for the first 6 h but slowed down 
after about 7 h. As much as 70 % astaxanthin was released after 10 h, which could be 
probably caused by the looseness and solubilization of the ethyl cellulose structure in the 
SIF [106,140]. 
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Figure 4.16. Release profiles of astaxanthin from ethyl cellulose nanocapsules in 
simulated intestinal fluid at pH 7.2. 
 
Finally, the antioxidant capacity of the elaborated particles containing astaxanthin 
was measured by using radical scavenging assays with DPPH; and as a result, the TEAC 
of the encapsulated astaxanthin was (77.26 ± 2.60) M Trolox equivalent kg powder-1. By 
dividing this antioxidant capacity by the encapsulation efficiency (2.1 10-2 kg astaxanthin 
kg powder-1) approximately 3,700 M Trolox equivalent per kg of astaxanthin was found. 
Thus, this value corresponds to the antioxidant capacity of the astaxanthin contained 
within the particles. Additionally, the antioxidant capacity of the astaxanthin before being 
encapsulated was measured to investigate the impact of the SFEE procedure. The TEAC 
value of the free astaxanthin was (3,900  ± 200) mM Trolox equivalent per kg astaxanthin-
1, which means that the astaxanthin did not significantly deteriorate during the processing 
and encapsulation, probably due to the low temperature and the high speed of the SFEE 
procedure, as well as the non-oxidizing atmosphere of the CO2. 
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The initial solid condition before a supercritical fluid extraction has demonstrated 
to be very important to maximize the extraction yield and to improve the quality of the 
extract. On the one side, the initial water content must be optimised when the raw material 
is subjected to supercritical fluid extraction. This is not such a simple task, as there could 
be several scenarios. Insufficient moisture in vegetable matrices could cause the cell 
structure to shrink and consequently hinders diffusion, which reduces yield. However, 
excess water may create an extra barrier for transportation and may generate the co-
extraction of polar substances, thereby reducing selectivity. This causes that the optimum 
moisture content for each raw material can vary greatly. For example, alperujo had to be 
dried to 1 % moisture as this amount of water was the best to maximize extraction. The 
extraction of oils rich in carotenoids and nutritive fatty acids from microalgae was best at 
6 %. By chance, in both cases, the moisture content in equilibrium with the Madrid 
environment was the best. However, to achieve these moisture contents, it was necessary 
to dry the excess water content, demanding a considerable amount of energy that should 
be considered to run a profitable supercritical extraction process.  
 
On the other hand, mass transfer in sc-CO2 extraction from solid substrates in most 
cases depends heavily on the transport rate in the solid phase. The length of the transport 
path determines mass transport in the solid phase. Particles of dried alperujo with a large 
diameter (greater than 0.80 mm) hindered the penetration of the supercritical solvent and 
the solubilisation of the solute. On the contrary, too small particles (usually smaller than 
0.40 mm) could represent a risk of formation of preferential channels and blockages 
during extraction, as discussed by the specialized engineering company Natex [108]. We 
observed this negative effect above all when microalgae were used, as their mean 
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diameter was 45 µm; so sea-sand had to be mixed with it to enhance the bed porosity. On 
an industrial scale, in order to make use of the material exhausted after the supercritical 
extraction, it would be appropriate to pellet the vegetable material. Moreover, to design 
the whole supercritical extraction process it must also be taken into account that milling 
is a very expensive pre-treatment. 
 
Regarding the main operating variables, the increase in pressure improved the 
extraction rate and yield, as it is directly related to the increase in solvent density and 
solvent capacity. The maximum operation pressure tested in our installation was 30 MPa. 
At this pressure, maximum extraction yield was obtained for all the oils obtained. The 
enrichment of the oils in the bioactive compounds was also the highest. However, caution 
should be taken, as it was reported for other solids that there is a maximum increase in 
pressure due to the worsening of the transport properties (increased viscosity and reduced 
diffusion coefficient), making the internal mass transfer more difficult. A pressure of 40 
MPa was established in several raw materials as the limiting value [125,141].  
 
Likewise, the temperature plays a very important role in the extraction processes. 
Its increase may reduce extraction yields due to a reduction in the sc-CO2 density. It 
happened on the total oil yield from microalgae, as for vegetable oils the crossover 
pressure is about 30 MPa [110]. Contrarily, the increase in temperature could improve 
the extraction of bioactive compounds, if their vapour pressure is high and because it has 
a positive impact on diffusion and kinetics; not to mention that temperature could also 
help to improve the cell opening in vegetable matrices. This indeed happened with the 
carotenoid concentration in the oil obtained from Dunaliella salina. The crossover point 
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for β-carotene is between 15 MPa and 17 MPa [123], much less than the oil itself. This 
could explain that the carotenoid proportion in the oil was highest at the highest 
temperature. Obviously, it is also mandatory not to overpass the deterioration 
temperature. Carotenoids start to decompose at 323.2 K [142]. On the contrary, the 
hydroxytyrosol was highest at the maximum explored temperature (373.2 K) since this 
compound was quite thermostable (thermal decomposition starts at 536 K [117]). 
 
The increase in the flow rate, meanwhile, has an important impact on the 
extraction rate. It has to be generally high in order to improve turbulence, the mass 
transfer in the fluid phase and increase productivity. However, there is a maximum 
because an excessive velocity reduces the residence time in the extractor, hindering the 
sc-CO2 to be saturated with the solute. In this sense, the bed length and porosity are 
important design parameters. Furthermore, the influence of the solvent flow rate cannot 
be discussed without considering economic consequences. The installation cost of the 
SCF process increases as the square root of the solvent flow rate as it has been 
demonstrated by Perrut [111] based on an analysis of the price index of multiple 
installations from pilot to industrial scale. Additionally, it conditions the consumption of 
the CO2 and so the operation time for a specific production. In our installation, the 
optimum CO2 flowrate was 18 kg CO2 h
-1 (3 g CO2 min
-1) for the raw materials used in 
this work. The CO2 consumption varied depending on the raw material used. This ranged 
from 18 kg CO2 kg dried D. salina
-1 to obtain an oil extraction yield of about 30.5 % 
carotenoid-rich oil; through 35 kg CO2 kg dried alperujo
-1 in order to achieve roughly 94 
% of the oil extract contained in the raw material; up to the employment of 54 kg CO2 kg 
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dried T. suecica-1 to get 50 % of oil extraction yield from T. suecica. These values of 
solvent ratio are in the order of magnitude as those used in large scale applications [143]. 
 
The oil extracts obtained by sc-CO2 extraction in this research could be considered 
of high quality and rich in compounds of high nutritional value. The concentration of 
hydroxytyrosol or carotenoids that we have found in our extracts was the highest of those 
reported in the bibliography. Besides, the extracts were quite pure, which was an 
indication that they needed little or no further refinement. As a consequence, and although 
a detailed cost analysis would be necessary, the supercritical extraction of oils rich in 
antioxidants, carotenoids and fatty acids could be economically viable. Specifically, it 
seems to be feasible in the case of hydroxytyrosol-rich olive oil as the raw material is a 
waste. 
 
When the yield or the selectivity of the extraction is low, or the operating pressure 
or CO2 consumption are to be reduced, a cosolvent may be added to the supercritical 
solvent. The Hansen solubility theory can be used to predict the best cosolvent for sc-CO2 
in the solubilization of bioactive compounds from natural matrices within a specific 
interval of operating conditions. The choice of a cosolvent is not obvious because it is not 
the best solvent under conventional conditions, as demonstrated for β-carotene. 
Interestingly, another fact demonstrated by this theory is that a similar benefit cannot be 
attributed a priori to cosolvents of the same functional type. Methanol and ethanol led to 
very different results on the selective extraction of carotenoids from microalgae. The 
solubility enhancement effect is obtained when there are specific intermolecular 
interactions between the cosolvent and the solute. The goodness of the theory relies on 
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the fact that it considers three contributions to these interactions. Therefore, the Hansen 
model could justify why ethanol was the best cosolvent for sc-CO2 in both, the 
solubilization of fatty acids and carotenoids by the increase of the dispersion and dipole-
dipole interactions that happened under supercritical conditions with this specific 
cosolvent. 
 
Another aspect that Hansen theory can correctly predict is the impact of cosolvent 
concentration with operating pressure. In the two cases studied in this thesis, the 
miscibility enhancement was predicted to be higher at low cosolvent concentrations and 
low pressures. Theoretically, this behaviour was explained due to the reduction of the 
molar volume of the solvent mixture with the increase of pressure and the cosolvent 
fraction. Experimentally, this conduct was related to the self-association of the cosolvent. 
Although these cannot be the only explanations, given that for the same cosolvent, the 
reduction in the miscibility enhancement did not occur at the same pressure and 
concentration for the two fatty acids investigated. Thus, it must also be related to the 
target solute. Based on the predictions we made with Hansen theory, the lower the 
miscibility of the compound of interest in sc-CO2 alone, the higher the concentration of 
cosolvent and the pressure needed to improve its miscibility in the supercritical fluid 
mixture. 
 
However, some limitations must be taken into account when implementing the 
Hansen approach. First of all, its use is limited regarding the predictions of the best 
conditions to perform the substance solubilisation and therefore the supercritical 
extraction. In Hansen theory, the main parameter of modification with operating 
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conditions is the molar volume, a purely thermodynamic property. Therefore, the effect 
of pressure is well predicted due to the direct relationship between pressure and density; 
however, the influence of temperature in extraction from a solid matrix is complex 
involving several mechanisms that cannot be predicted with this single approach. First, 
the model does not consider any kinetic phenomena that can be dominant in extraction 
involving solids. Regarding the thermodynamic aspects affecting the solubility, the 
Hansen theory does not consider a competing phenomenon that occurs when increasing 
temperature, i.e. the increase of solute vapour pressure; however, this effect becomes 
relevant at high pressures involved in supercritical extraction. A contribution of the 
impact of temperature on solute vapour pressure should be added to the Hansen model 
for this specific application for a better prediction, e.g. a term with the Antoine equation. 
 
In the attempt to apply the Hansen solubility theory to multicomponent systems, 
care should be taken. Considering that the Hansen theory predicts the miscibility of pure 
compounds, the presence of other compounds in the matrix could interfere with the 
solubilization of the target compounds, improving its extraction or functioning as an anti-
solvent. Clearly in the cases studied, where the oil content of the raw material was high 
and because its solubility is relatively high in the sc-CO2, the main component of the 
extract was the oil, and therefore the extraction of the minority bioactive compounds was 
conditioned by this major component. Seemingly, the oil itself acted as a matrix cosolvent 
in the extraction of hydroxytyrosol and carotenoids, as those are quite insoluble in 
supercritical CO2. This can be hardly predicted by Hansen theory. 
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Finally, the SFEE technology was an effective method to protect the bioactive 
compounds extracted by sc-CO2 in a covering polymer. In this way, submicron structures 
can be obtained that would allow the incorporation of these bioactive compounds in the 
formulation of cosmetic and para-pharma products as well as in hydrophilic foods as all 
the ingredients are food approved. It was possible by tuning the initial emulsion 
formulation to obtain particles of varied sizes within a narrow distribution and low 
polydispersity. From an optimised starting formulation and working conditions, spherical 
particles could be produced. Besides, a homogeneous dispersion of the astaxanthin in the 
ethyl cellulose and a high degree of encapsulation was achieved, thus preserving its 
original antioxidant capacity to ensure a good-enough release. 
 
The main particle size manipulation parameter was the viscosity of the organic 
phase that grew with the concentration of coating polymer. However, the amount of the 
polymer was constrained by the aggregation of the particles. To prevent it, it was 
necessary to increase the concentration of surfactant in the aqueous phase. One of the 
most important limitations of this technology is the solubility of the bioactive compound 
in the organic solvent; for astaxanthin was quite low. However, and despite its low 
concentration in the starting emulsion (5 g astaxanthin kg starting emulsion-1), it was 
possible the continuous production in a packed column, increasing the production 
capacity and easing the scale-up. The use of a packed column also offered a greater 
product homogeneity and recovery. 
 
Other drawbacks of the technology are: a) particles are obtained in aqueous 
suspensions that should be dried off if solid particles are required; b) the toxicological 
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hazards related to the addition of nanoparticles in food has yet to be reviewed [144]; c) 
consumption of CO2 to exhaust the organic solvent could be quite high. For example, to 
reach concentrations of less than 50 ppm (which is the amount established for ethyl 
acetate in food products [101]) it would be necessary to use 50 kg CO2 kg ethyl acetate
−1 
operating at 8 MPa and 311.2 K based on solubility data [92,130]; d) after CO2 and 
organic solvent separation (e.g. by distillation), the CO2 should be recycled; e) SFEE is 
strongly protected by patents of FERRO Corp. and by the group of Prof. Reverchon of 
the University of Salerno, which could jeopardize its commercialization. To evaluate the 
feasibility of commercial production by using this technology it would be essential to 
conduct a rigorous economic evaluation. 
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A B S T R A C T
Alperujo, the solid-liquid waste generated by the current two-phase method of olive oil extraction, was dried,
milled and treated with supercritical carbon dioxide (sc-CO2) to obtain a hydroxytyrosol (HT)-rich oil. At ﬁrst,
extraction rates were analysed as a function of operating variables and the pre-condition of the raw material.
Samples with particle size diameter< 0.80mm and in equilibrium moisture (1%) with the atmosphere, im-
proved oil extraction yield almost 40% compared with samples with the whole range of particle sizes. Extraction
yield improved with solvent ﬂow rate, but a minimum residence time was required. The optimum was
0.18 kg h−1 (7.5 kg CO2 h−1 kg biomass−1). Higher pressures and lower temperatures resulted in higher ex-
traction yields; at 30MPa and 323 K the extraction curve slope was close to the theoretical oil solubility and the
yield was 13%, like that obtained with n-hexane by Soxhlet (14%). However, the HPLC-DAD analysis identiﬁed
higher HT concentration (1900 ppm) in the supercritical extracts at the highest temperature. Consequently, at
373 K, the total phenol content and the antioxidant capacity of the extracts was uppermost. No HT was found in
the n-hexane extracts.
1. Introduction
The Mediterranean diet has been widely studied due to its asso-
ciation with improved human health, as it is very eﬀective against
cardiovascular diseases, diabetes, inﬂammation and ageing (Widmer
et al., 2015). Many of the beneﬁts associated with the Mediterranean
diet are the result of a high intake of antioxidants and anti-inﬂ-
ammatory elements present in several components of this diet, such as
olive oil (Robles-Almazán et al., 2018). The olive fruit contains a wide
variety of phenolic compounds. They play an important role in the
chemical, organoleptic and nutritional properties of virgin olive oil and
table olives (Fernández-Bolaños et al., 2008).
The olive oil production process was based on the so-called three-
phase system until the nineties, which produced three streams: olive oil,
alpechıń and olive pomace. To eliminate the alpechıń, a two-phase
technology emerged, producing only two eﬄuents: olive oil and al-
perujo (Altieri et al., 2013; Fernández-Bolaños et al., 2002). A sche-
matic representation of the two and three-phase centrifugation proce-
dures for olive oil extraction from olives can be found in the
Supplementary ﬁle 1. The alperujo contains all the substances that in
the three-phase system were contained in the alpechıń and in the olive
cake and it still has a signiﬁcant oil content (Arjona et al., 1999). The
yearly production of alperujo from the Spanish (largest producer
worldwide) (Bordons and Núñez-Reyes, 2008) olive oil industry may
approach four million tons.
The high moisture content of alperujo, together with the sugars and
ﬁne solids, give to the alperujo sludge a doughy consistency that makes
drying diﬃcult, demanding much energy (Arjona et al., 1999). How-
ever, generally the alperujo is used to obtain oil by means of a second
centrifugation that, being a mechanical method in cold, generates an oil
which requires reﬁning with organic solvents for its consumption.
Most phenols (> 98% in mass fraction) remain in the alperujo, with
a concentration of 10 to 100-fold higher than that of olive oil
(Fernández-Bolaños et al., 2002, 2008). Therefore, alperujo seems to be
an aﬀordable and abundant source of natural antioxidants and inter-
esting compounds, hydroxytyrosol (HT) among the most important
ones (Fernández-Bolaños et al., 2008).
HT is an amphipathic phenol with a phenyl ethyl-alcohol structure.
It is also called 3,4-dihydroxyphenylethanol, 3,4-dihydrox-
yphenolethanol or 4-(2-Hydroxyethyl)-1,2-benzenediol by the
International Union of Pure and Applied Chemistry (IUPAC) system
(Robles-Almazán et al., 2018). The origin of HT is the hydrolysis of
oleuropein which happens during the ripening of the olives and during
the storage and elaboration of table olives (Brenes and de Castro, 1998;
Ramírez et al., 2016). Many studies have demonstrated the antioxidant,
antimicrobial, anti-inﬂammatory and antiatherogenic eﬀects of HT
https://doi.org/10.1016/j.jfoodeng.2019.07.030
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h i g h l i g h t s
 The Hansen theory was used to choose the best cosolvent for sc-CO2 extraction.
 The best cosolvents for fatty acids solubilization were short-chain alcohols.
 The predictions were validated with bubble pressures.
 The experimental results agreed with the predictions.
a r t i c l e i n f o
Article history:
Received 21 December 2017
Received in revised form 18 May 2018
Accepted 4 June 2018
Available online 5 June 2018
Keywords:
Hansen solubility parameters
Miscibility
Cosolvent effect
Carbon dioxide
Supercritical fluid extraction
a b s t r a c t
Cosolvents are employed to improve the extraction efficiency and modify the selectivity of the main sol-
vent. However, choosing a proper cosolvent in supercritical extraction is an arduous task. This study
aimed to predict the best cosolvents for the supercritical CO2 extraction of oleic and linoleic acids using
the Hansen solubility theory. Calculations were performed for eight organic cosolvents used in food and
pharmaceutical production. The best cosolvents for the solubilization of both fatty acids were short-chain
alcohols, ethanol and methanol. The predictions were validated with bubble pressures of the mixtures
with a 0.003 fatty acid molar fraction at temperatures of 313.2 K and 323.2 K. The experimental results
agreed with the predictions. The effect of pressure was well predicted via the direct relationship between
pressure and the solvent density. However, the impact of temperature was not properly foreseen because
the variation of solute vapour pressure was not considered. The Hansen theory predicted that the misci-
bility enhancement of the solute in the supercritical mixture is maximum at low pressures and low cosol-
vent concentrations, as was experimentally confirmed.
 2018 Elsevier Ltd. All rights reserved.
1. Introduction
Linoleic acid (C18H32O2) is a polyunsaturated omega-6 fatty acid
(C18:2 cis-9,12). The human body requires sufficient amounts of
linoleic acid in its diet because it cannot produce omega-6 fatty
acids. Omega-6 fatty acids, including linoleic acid, support healthy
cellular activity and play an essential role in the health and func-
tion of cells (Rustan and Drevon, 2005). When linoleic acid replaces
saturated fats in the diet, it can cause cholesterol levels to decrease,
thereby reducing the risk of heart diseases (Harris et al., 2009) and
enhancing brain health (Wainwright, 2002). Alternatively, oleic
acid (C18H34O2) is a monounsaturated omega-9 fatty acid (C18:1
cis-9). Omega-9 fatty acids, in contrast to omega-6 fatty acids,
can be produced by the body. However, it is also beneficial to
obtain oleic acid from food because oleic acid, similar to other
omega-9 fatty acids, can help to reduce the risk of heart diseases
by raising levels of high-density lipoprotein and lowering low-
density lipoprotein (Rustan and Drevon, 2005).
Supercritical carbon dioxide (sc-CO2) has been selected as the
solvent for the extraction of some fatty acids and other bioactive
compounds because of factors such as its non-flammability, non-
toxicity, low cost and availability. A cosolvent, modifier, or entrai-
ner may be added to the supercritical gas to increase solute solubil-
ity, increase separation factor, and reduce operating pressure and
CO2 consumption. Both of these last two operating variables
directly affect operation and capital expenditure (Perrut, 2000).
The cosolvent effect is obtained when there are specific inter-
molecular interactions between the pair cosolvent – solute
(Walsh et al., 1987). However, the entrainer increases the critical
locus of the mixtures and might contaminate the product; there-
fore, a further separation stage is required. After the extraction,
https://doi.org/10.1016/j.ces.2018.06.017
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The Selective Supercritical Extraction of High-value Fatty 
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The aim of this work was to test the utility of the Hansen theory to predict the best cosolvent for supercritical 
carbon dioxide (sc-CO2) to reach the selective extraction of fatty acids from Tetraselmis suecica. The order in 
the cosolvent power was established with five organic solvents used in food production: acetone, diethyl ether, 
ethanol, n-hexane and methanol. Predictions focused on the selective extraction of oleic, linoleic and α-
linolenic acid. The cosolvent power depended on the fatty acid, but in general, the best cosolvent for the three 
target compounds was ethanol. Predictions were validated through equilibrium data and extraction yields from 
T. suecica. Operating at 305.15 K and 20 MPa, the extracted oil with the sc-CO2-ethanol (5 % mass fraction) 
mixture significantly improved the content of the target fatty acids compared with pure sc-CO2; e.g. the α-
linolenic acid content was 16 % in the oil obtained with pure sc-CO2 while it was 25 % in the oil obtained with 
sc-CO2 + 5 % ethanol. However, the Hansen theory predicted that the miscibility enhancement of the fatty 
acids caused by increasing ethanol concentrations in the supercritical solvent mixture was not progressive. In 
fact, at high pressures and high ethanol concentrations, it was predicted up to less than half the miscibility 
enhancement. 
1. Introduction 
Microalgae have received widespread attention in the world population due to the high amounts of bioactive 
compounds within their structure. Some of these valuable compounds include mono (MUFAs) and 
polyunsaturated fatty acids (PUFAs) (Viso and Marty, 1993). Tetraselmis suecica, for example, is a marine 
green microalga extensively used in aquaculture, which has already demonstrated its potential as a feedstock 
for the production of bioactive compounds such as MUFAs and PUFAs (Pérez-López et al., 2014). There is a 
special interest in the extraction of these fatty acids from natural matrices since functional roles and effects on 
human health are attributed to them (Calder, 2015). Regarding this, the supercritical carbon dioxide (sc-CO2) 
extraction seems to be a suitable technology to achieve the extraction of high-value fatty acids from natural 
sources (Martínez and Aguiar, 2013). The use of sc-CO2 has become an alternative solvent for oil extraction 
from microalgae and plants, because it can achieve good oil yield with respect to the conventional organic 
solvent extraction, with better product quality and offering the possibility of obtaining a product without the 
presence of traces of a residual solvent in the final product, which makes the process attractive from the 
health and environmental point of view. Moreover, CO2 has easy achievable supercritical conditions (304.13 K 
and 7.38 MPa are the critical temperature and pressure, respectively) (Mendes et al., 1995). 
On the other hand, in order to increase the solubility of specific compounds in sc-CO2, and therefore improve 
their extraction, a cosolvent is added in the fluid to increase the separation factor and/or reduce operating 
pressure and CO2 consumption. However, the selection of the best cosolvent requires long and expensive 
experimental effort. For that reason, theoretical estimations should be implemented and the Hansen solubility 
theory (HST) has already demonstrated to be a useful tool for this sort of evaluations (Tirado et al., 2018). In 
this theory, the total solubility parameter (δT) of a substance is divided into three components: dispersion (δd), 
polar (δp) and hydrogen-bonding (H-bonding, δh) forces, later on, known as Hansen solubility parameters 
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(HSP) (Hansen, 1967). Thus, δT is calculated as the square root of a sum of each Hansen component 
squared. On the other hand, the Hansen theory provides a numerical estimation of the degree of interaction 
among materials and solvents through the Ra parameter, which can be a good indicator of their miscibility. 
This last represents the distance between the three-dimensional coordinates of a target compound (δd1, δp1 
and δh1) and those of the solvent (δd2, δp2 and δh2) and can be calculated by Eq. (1). The smaller the value of 
Ra, the larger the miscibility between the compound and the solvent. Consequently, and according to the 
Hansen theory, supercritical systems with the lowest Ra value would represent the most suitable one. 
 
Rୟ = ට4ሺδୢଵ − δୢଶሻଶ + ൫δ୮ଵ − δ୮ଶ൯ଶ + ሺδ୦ଵ − δ୦ଶሻଶ 
(1) 
 
In previous work, Tirado et al., (2018) demonstrated the suitability of the HST to predict the best cosolvent for 
sc-CO2 in the solubilization of fatty acids within a specific interval of operating conditions. Moreover, the same 
research group proved that this theoretical approach was also useful to predict the best cosolvent for the 
extraction of carotenoids from Dunaliella salina (Tirado and Calvo, 2019). However, the extension of the 
Hansen theory to the supercritical extraction of fatty acids from natural matrices has not yet been 
demonstrated. Therefore, this study aimed to validate the Hansen approach to predict the best supercritical 
mixture to reach the selective SFE of oleic, linoleic and α-linolenic acid from T. suecica. Emphasis was placed 
on these fatty acids because of their interest in the food industry. In addition, the initial content of these fatty 
acids in the microalgae was enough to notice the impact of cosolvent power after the SFE. 
2. Materials and Methods 
2.1 Reagents 
Acetone (≥ 99.9 %, Sigma-Aldrich), anhydrous sodium sulphate (≥ 99 %, Sigma-Aldrich), boron trifluoride (1.5 
M in methanol, ACROS Organics™), butylated hydroxytoluene (≥ 99 %, Sigma-Aldrich), ethanol (≥ 99.8 %, 
Fisher Chemical), heptadecanoic acid (≥ 98 %, Sigma-Aldrich), n-hexane (≥ 99 %, Fisher Chemical), methanol 
(≥ 99.9 %, Fisher Chemical), fatty acid methyl esters (FAME Mix C8 - C22, Sigma-Aldrich), sodium hydroxide
 (≥ 98 %, Sigma-Aldrich), sodium chloride (≥ 99.5 %, Sigma-Aldrich), α-linolenic acid (99 %, ACROS 
Organics™), helium (≥ 99.99 %, Air Liquide), nitrogen (≥ 99.99 %, Air Liquide), hydrogen (≥ 99.99 %, Air 
Liquide) and CO2 (≥ 99.98 %, Air Products) were used in this work. All substances were acquired in Spain and 
used without any pre-treatment. 
2.2 Computational methods 
The modelling of the Hansen theory implemented in this work was carried out such as it was described in 
previous works (Tirado et al., 2018; Tirado and Calvo, 2019) using Microsoft Excel. 
2.2.1 Hansen solubility parameters of fatty acids 
The HSP at 298.15 K and 0.1 MPa of the oleic (C18:1 cis-9), linoleic (C18:2 cis-9,12) and α-linolenic (C18:3 
cis-9,12,15) acids were calculated by using the group contribution method (GCM) proposed by Hansen 
(Hansen, 2007). The influence of temperature on the HSP values was calculated by the Jayasri and Yaseen 
method (Jayasri and Yaseen, 1980). Working below the critical points of the target compounds, pressure does 
not exert a considerable influence on their HSP (Tirado et al., 2018), therefore, this influence was not 
considered. The critical temperatures were calculated by the GCM proposed by Joback (Joback and Reid, 
1987). 
2.2.2 Hansen solubility parameters of solvents 
The mixtures sc-CO2 + cosolvent should be in the supercritical state (completely miscible) at the operating 
conditions to reach the desired cosolvent effect (Tirado et al., 2018). Therefore, calculations were performed 
at a constant cosolvent volume fraction of 5 % (0.05 m3 m-3) to ensure the selection of the best cosolvent at 
supercritical conditions. The existence of a single homogeneous phase for all the mixtures at the explored 
conditions was corroborated by visual inspection in a high-pressure variable volume view cell (see Section 
2.3). The reference solubility parameters values for CO2 and the cosolvents at 298.15 K and 0.1 MPa were 
obtained from the Hansen Handbook (Hansen, 2007); while the molar volume as function of the temperature 
and pressure studied (20 MPa and 305.15 K) were calculated by using the Reference Fluid Properties 
(REFPROP) model from the National Institute of Standards and Technology (NIST), with help of the Aspen 
Plus V 10.0 software. Finally, for the mixtures consisting of sc-CO2 and a volume fraction of 5 % cosolvent, the 
solubility parameters were determined with a linear blend rule. The total HSP value of the mixture was equal 
to the sum of the product of the respective volume fractions of the components present in the mixture, and 
their corresponding HSP value.  
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2.2.3 Prediction of miscibility enhancement 
The miscibility enhancement was defined by Eq. (2) as the percentage reduction of the Ra values of the 
mixture sc-CO2 – cosolvent in relation to pure sc-CO2 as a function of the cosolvent volume fraction at 
different pressures (Tirado et al., 2018). 
 
Miscibility enhancement ሺ%ሻ = ቈ1 − ቆRୟ ୱୡିେ୓మାୡ୭ୱ୭୪୴ୣ୬୲Rୟ ୮୳୰ୣ ୱୡିେ୓మ
ቇ቉ x100 % (2) 
2.3 Apparatus and experimental procedure of the assays performed at supercritical conditions 
SFE of fatty acid rich-oil from T. suecica was carried out at 20 MPa and 305.15 K using sc-CO2 and its 
mixtures with a mass fraction of 5 % (0.05 kg kg-1) cosolvent. The procedures to fill up the raw material, start-
up and stop the equipment could be consulted in previous work (Tirado and Calvo, 2019). Additionally, the 
predictions were validated for α-linolenic acid with equilibrium data obtained in a high-pressure variable 
volume view cell, following the static synthetic method. Bubble pressures at 305.15 K using a molar fraction of 
1.5 10−3 α-linolenic acid in sc-CO2 and the supercritical mixture formed by sc-CO2 + 5 % mass fraction of 
cosolvent were measured. The bubble pressures of oleic and linoleic acids were already reported (Tirado et 
al., 2018). For both validation methods, mass fraction and not volume fraction was used due to practical 
limitations. e.g., during SFE, the flow rate in the experimental set up was measured in mass. However, 
considering the low amount of cosolvent, the variation with respect to the volume fraction was insignificant 
(Tirado and Calvo, 2019). 
2.4 Fatty acids analysis 
First, the supercritical extracts were derivatized following the procedure described by the AOAC Official 
Method 969.33 (AOAC, 1995). Subsequently, the samples were analysed by gas chromatography (GC) with a 
Shimadzu 2010 Plus gas chromatograph (Shimadzu Corporation, Japan) equipped with a Flame Ionization 
Detector (FID) and a Zebron ZB-1HT capillary column (20 m × 0.18 mm i.d. × 0.18 μm film thickness). The 
separation was carried out with helium (1.8 10-6 m3 min-1) as a carrier gas. The column temperature was 
programmed starting at a constant value of 393.15 K during 3 min, heated to 458.15 K at 3 K min-1, held at 
458.15 K during 3 min, heated again to 523.15 K at 15 K min-1 and finally held at 523.15 K for 5 min. The 
equilibration time was 5 min. A split injector (50:1) at 523.15 K was used. The FID was also heated at 553.15 
K. The injection volume was 1 10-9 m3. The fatty acid methyl esters (FAMEs) were identified by comparison of 
their retention times with those of chromatographic standards. The compounds were quantified related to the 
area of the internal standard. 
2.5 Statistical analysis 
The experiments were repeated at least three times. Analyses were performed in duplicate for each replicate 
(n = 3 × 2). Means and standard deviations were calculated for all data. The experimental error was deduced 
from selected tests that were repeated six times. The maximum standard deviation for the fatty acid 
concentration was 0.5 % mass fraction of the fatty acid in the extract and the standard deviations in the bubble 
pressures were on average 0.1 MPa. 
3. Results and Discussion 
First, the miscibility of the fatty acids with sc-CO2 and its mixtures with a volume fraction of 5 % cosolvent was 
estimated using the HST. Five organic solvents approved for the manufacture of food products (European 
Parliament and Council of the European Union, 2009) were used for the predictions: acetone, diethyl ether, 
ethanol, n-hexane and methanol. The miscibility predictions were compared with the concentration of the fatty 
acids in the oil extracted by SFE from T. suecica by using pure sc-CO2, sc-CO2 + ethanol and sc-CO2 + n-
hexane. Also, equilibrium data (bubble pressures) of α-linolenic acid in the supercritical mixtures was 
compared. To match the conditions used in the experimental validation, 20 MPa and 305.15 K were selected 
for the HST estimations. 
3.1. Hansen solubility parameters of fatty acids 
Table 1 shows the HSP for oleic, linoleic and α-linolenic acids at 298.15 K and 0.1 MPa, and at the selected 
conditions for the supercritical extraction. In the three fatty acids, the dispersion force (δd) had the highest 
contribution, due to the presence of a long straight-chain hydrocarbon in their structures. Furthermore, these 
fatty acids contain unsaturations (olefin groups) and one carboxylic group, which gives polar (δp) and H-
bonding contributions (δh), respectively. However, the carboxylic group has a bigger impact than the olefin 
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group, and for that reason, the H-bonding forces are higher. On the other hand, the HSP of the three fatty 
acids varied only slightly within the explored temperature interval, as it was before described (Tirado et al., 
2018). 
Table 1: Hansen solubility parameters of the fatty acids studied in this work at room and supercritical 
conditions. 
 
Fatty acid 
298.15 K and 0.1 MPa 305.15 K and 20 MPa 
δd 
MPa1/2 
δp 
MPa1/2 
δh 
MPa1/2 
 δd 
MPa1/2 
δp 
MPa1/2 
δh 
MPa1/2 
Oleic acid 17.40 2.67 6.43  17.35 2.66 6.42 
Linoleic acid 18.29 2.94 7.24  18.24 2.93 7.22 
α-Linolenic acid 18.03 3.03 7.61  17.99 3.02 7.59 
3.2 Hansen solubility parameters of the supercritical solvent mixtures 
Table 2 shows the HSP of sc-CO2 and its mixtures with a volume fraction of 5 % cosolvent. The addition of 
cosolvents to sc-CO2 mostly increased δd. The highest value of δd happened in the sc-CO2-ethanol mixture. 
Table 2: Hansen solubility parameters of sc-CO2 and its supercritical mixtures with several cosolvents (5 % 
volume fraction) at 305.15 K and 20 MPa. 
Supercritical fluid δd 
MPa1/2 
δp 
MPa1/2 
δh 
MPa1/2 
sc-CO2 11.30 5.52 4.97 
sc-CO2 +acetone 11.53 5.77 5.07 
sc-CO2 + ethanol 11.54 5.69 5.69 
sc-CO2 +diethyl ether 11.49 5.40 4.97 
sc-CO2 +n-hexane 11.51 5.25 4.72 
sc-CO2 + methanol 11.51 5.87 5.83 
3.3 Prediction of the best cosolvent 
Table 3 shows the Ra values between all the studied fatty acids and the supercritical mixture at 305.15 K and 
20 MPa. The cosolvent order depended on the fatty acid. For oleic acid, the most adequate cosolvents by 
increasing miscibility (minor Ra), at the tested operating conditions, were ethanol and n-hexane. In the case of 
linoleic and α-linolenic acids, the best cosolvents were both alcohols. These differences in the cosolvent order 
could be explained by the different affinities of the fatty acids (due mainly to their structural differences) with 
the supercritical mixture since the cosolvent effect is obtained when there are specific intermolecular 
interactions between the pair cosolvent – solute (Walsh et al., 1987). In any case, the best cosolvent power for 
all the studied fatty acids was given by ethanol, as the supercritical mixture containing this alcohol provoked 
the highest reduction in Ra in relation to pure sc-CO2. 
Table 3: Ra values between fatty acids and supercritical solvents at 305.15 K, 20 MPa and a cosolvent volume 
fraction of 5 %. 
 
Supercritical fluid 
Ra between the fatty acid 
Oleic acid Linoleic acid α-Linolenic acid 
sc-CO2 12.514 13.845 14.286 
sc-CO2 +acetone 12.127 13.438 13.881 
sc-CO2 + ethanol 12.031 13.297 13.759 
sc-CO2 +diethyl ether 12.126 13.463 13.902 
sc-CO2 +n-hexane 12.093 13.456 13.887 
sc-CO2 + methanol 12.132 13.376 13.843 
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3.4. Validation of the predictions 
Validations were performed using ethanol (as better) and n-hexane (as worse) cosolvent. The Ra values 
provided by these cosolvents differed sufficiently enough to find experimental variations on the equilibrium 
pressures and on the fatty acid content in the supercritical extracts. Table 4 shows the fatty acid content of the 
extracts obtained with pure sc-CO2 and with its mixture with an ethanol and n-hexane mass fractions of 5 % at 
305.15 K and 20 MPa. The use of both cosolvents improved the selective extraction of fatty acids from the 
microalgae, with the largest increase occurring in the mixture made up of CO2 + ethanol, which agreed with 
the predictions based on the Ra values. The obtained extract with pure sc-CO2 contained 14.9 %, 3.7 % and 
15.7 % of oleic, linoleic and α-linolenic acid, respectively; while the obtained extract with the sc-CO2-ethanol 
mixture contained roughly 53 %, 54 % and 61 % more.  
Table 4: Fatty acids content in the oil extracts obtained from Tetraselmis suecica at 305.15 K, 20 MPa with a 
cosolvent mass fraction of 5 % in sc-CO2. Bubble pressures for α-linolenic acid at 305.15 K. 
 
Supercritical fluid 
Mass fraction of the fatty acid in the extract (%) Bubble pressure (MPa) for 
α-linolenic acid Oleic acid Linoleic acid α-Linolenic 
acid 
sc-CO2 14.9 3.7 15.7 13.0 
sc-CO2 + n-hexane 15.7 3.9 16.1 12.8 
sc-CO2 + ethanol 22.7 5.7 25.3 12.1 
Additionally, Table 4 shows the bubble pressures obtained by the static synthetic method at 305.15 K for a 
molar fraction of 1.5 10−3 α-linolenic acid in sc-CO2 and sc-CO2 + 5 % mass fraction of ethanol or n-hexane. 
Lower bubble pressure values indicated higher miscibility. Therefore, the best cosolvent for the solubilization 
of α-linolenic in sc-CO2 was ethanol followed by n-hexane, which was consistent with the predictions made 
using the HST. Similar results were obtained for oleic and linoleic acids. For example, the bubble pressure of 
a 0.003 molar fraction of linoleic acid at 313.2 K was 9.6 MPa in the mixture CO2-ethanol, 15.5 MPa in the 
mixture CO2-hexane and 22.2 MPa in pure sc-CO2 (Tirado et al., 2018). 
3.5. The impact of the amount of cosolvent on the miscibility enhancement 
Figure 1 shows the miscibility enhancement predicted by the Hansen theory of α-linolenic with raising ethanol 
concentrations at increasing pressures. The percentage reduction of the Ra values of the mixture sc-
CO2 + ethanol in relation to pure sc-CO2 was plotted as a function of increasing volume fraction of ethanol. In 
Figure 1, a non-linear relationship between the miscibility enhancement and the cosolvent concentration was 
observed, mainly at the highest pressures. Thus, at ethanol concentrations in the supercritical solvent mixture 
higher than 25 %, the miscibility enhancement curves were not linear. Above 50 MPa, the lines even curved 
down. Similar behaviour was previously predicted for oleic acid in the same supercritical solvent mixture; 
however, it happened at a lower ethanol concentration of 10 % (Tirado et al., 2018). It was also experimentally 
detected for different systems (Brunner, 1994; Ekart et al., 1993; Güçlü-Üstündağ and Temelli, 2005).  
 
Figure 1: Predicted miscibility enhancement of α-linolenic acid in sc-CO2 + ethanol at 313.15 K and 10 MPa 
(▲), 20 MPa (х), 30 MPa (■), 40 MPa (●), 50 MPa (∆) and 60 MPa (◊) by the Hansen theory. 
0
5
10
15
20
25
30
0.00 0.10 0.20 0.30 0.40
M
is
ci
bi
lit
y 
en
ha
nc
em
en
t (
%
)
Volume fraction of ethanol (%)
137
Theoretically, this behaviour was explained due to the reduction of the molar volume of the solvent mixture 
with the increase of pressure and the cosolvent fraction. Besides, Güçlü-Üstündağ and Temelli (2005) related 
this conduct to the self-association of the cosolvent. Although these cannot be the only explanations, given 
that for the same cosolvent, the reduction in the miscibility enhancement does not always occur at the same 
pressure and concentration. It must also be related to the target solute. Based on the predictions we have 
made with Hansen's theory, the lower the miscibility of the compound of interest in sc-CO2 alone, the higher 
the concentration of cosolvent and the pressure needed to observe the bending phenomenon of the miscibility 
enhancement curves. 
4. Conclusions 
In this study, the Hansen solubility theory was validated to choose the best supercritical solvent mixture to 
reach the selective extraction of oleic, linoleic and α-linolenic acids. According to this theory, the best 
cosolvent for supercritical carbon dioxide (sc-CO2) in the extraction of the three fatty acids from Tetraselmis 
suecica was ethanol, as it was experimentally corroborated. Consequently, the Hansen solubility parameters 
could be a suitable tool to at least reduce the number of experiments for the selection of the best cosolvent for 
sc-CO2 in the extraction of a target compound from a natural complex matrix.  
Acknowledgements 
Diego F. Tirado thanks the "Bolívar Gana con Ciencia" program from the Department of Bolívar (Colombia) for 
a PhD grant. 
References 
AOAC, 1995. Fatty acid in oils and fats preparation of methyl ester boron trifluoride method, in: Official 
Methods of Analysis of AOAC International. AOAC International Press, Virginia, pp. 17–22. 
Brunner, G., 1994. The effect of a modifier or entrainer on solvent power, selectivity, and their pressure and 
temperature dependence, in: Gas Extraction: An Introduction to Fundamentals of Supercritical Fluids and 
the Application to Separation Processes. Springer, Berlin, pp. 97–105. 
Calder, P.C., 2015. Functional roles of fatty acids and their effects on human health. J. Parenter. Enter. Nutr. 
39, 18S–32S. 
Ekart, M.P., Bennett, K.L., Ekart, S.M., Gurdial, G.S., Liotta, C.L., Eckert, C.A., 1993. Cosolvent interactions in 
supercritical fluid solutions. AIChE J. 39, 235–248. 
European Parliament and Council of the European Union, 2009. Directive 2009/32/EC of the European 
Parliament and of the Council of 23 April 2009 on the approximation of the laws of the Member States on 
extraction solvents used in the production of foodstuffs and food ingredients (Recast). France. 
Güçlü-Üstündağ, Ö., Temelli, F., 2005. Solubility behavior of ternary systems of lipids, cosolvents and 
supercritical carbon dioxide and processing aspects. J. Supercrit. Fluids 36, 1–15. 
Hansen, C.M., 2007. Hansen Solubility Parameters: A User’s Handbook, Second. ed. CRC Press, Boca Raton 
FL, United States. 
Hansen, C.M., 1967. The three dimensional solubility parameter and solvent diffusion coefficient. Technical 
University of Denmark. 
Jayasri, A., Yaseen, M., 1980. Nomograms for solubility parameter. J. Coatings Technol. 52, 41–45. 
Joback, K.G., Reid, R.C., 1987. Estimation of pure-component properties from group-contributions. Chem. 
Eng. Commun. 57, 233–243. 
Martínez, J., Aguiar, A., 2013. Extraction of triacylglycerols and fatty acids using supercritical fluids - Review. 
Curr. Anal. Chem. 10, 67–77. 
Mendes, R.L., Coelho, J.P., Fernandes, H.L., Marrucho, I.J., Cabral, J.M.S., Novais, J.M., Palavra, A.F., 1995. 
Applications of supercritical CO2 extraction to microalgae and plants. J. Chem. Technol. Biotechnol. 62, 53–59.  
Pérez-López, P., González-García, S., Ulloa, R.G., Sineiro, J., Feijoo, G., Moreira, M.T., 2014. Life cycle 
assessment of the production of bioactive compounds from Tetraselmis suecica at pilot scale. J. Clean. 
Prod. 64, 323–331.  
Tirado, D.F., Calvo, L., 2019. The Hansen theory to choose the best cosolvent for supercritical CO2 extraction 
of β-carotene from Dunaliella salina. J. Supercrit. Fluids 145, 211–218.  
Tirado, D.F., Tenorio, M.J., Cabañas, A., Calvo, L., 2018. Prediction of the best cosolvents to solubilise fatty 
acids in supercritical CO2 using the Hansen solubility theory. Chem. Eng. Sci. 190, 14–20. 
Viso, A.-C., Marty, J.-C., 1993. Fatty acids from 28 marine microalgae. Phytochemistry 34, 1521–1533.  
Walsh, J.M., Ikonomou, G.D., Donohue, M.D., 1987. Supercritical phase behavior: The entrainer effect. Fluid 
Phase Equilib. 33, 295–314. 
138
 
 
Publication IV 
 
The Hansen theory to choose the best cosolvent for 
supercritical CO2 extraction of β-carotene from Dunaliella 
salina 
 
D.F. Tirado, L. Calvo 
 
The Journal of Supercritical Fluids 145 (2019) 211–218. 
doi:10.1016/j.supflu.2018.12.013. 
 
Impact factor The Journal of Supercritical Fluids (2018): 3.481 
 
Citations: 4 
 
  
   
Contents lists available at ScienceDirect
The Journal of Supercritical Fluids
journal homepage: www.elsevier.com/locate/supflu
The Hansen theory to choose the best cosolvent for supercritical CO2
extraction of β-carotene from Dunaliella salina
Diego F. Tirado, Lourdes Calvo⁎
Department of Chemical and Materials Engineering, Universidad Complutense de Madrid, Av. Complutense s/n, 28040, Madrid, Spain
G R A P H I C A L A B S T R A C T
A R T I C L E I N F O
Keywords:
Hansen solubility parameters
Food-grade ingredients
Supercritical fluid extraction
Cosolvent effect
Carotenoids
Microalgae
A B S T R A C T
The Hansen solubility theory was used to predict the best cosolvent for supercritical carbon dioxide (sc-CO2) to
achieve the selective extraction of β-carotene from Dunaliella salina. Among four organic cosolvents, ethanol was
predicted to be the best based on minima Ra values. The predictions were validated through equilibrium data
and extraction curves from the microalgae. The addition of ethanol reduced the bubble pressures, and therefore
increased the solubility of the β-carotene. With 5% mass fraction, at 318.15 K and 20MPa, the extraction yield
was 25 g carotenoids kg microalgae−1, much more than in pure sc-CO2 (6 g).
1. Introduction
The search for natural sources of antioxidants keeps increasing over
time. These products are used to reduce the oxidative deterioration of
both, food and the human body [1,2]. Microalgae represent one of the
sources that are being studied due to the high amounts of bioactive
compounds within their structure. Some of these compounds include
antioxidants, polyunsaturated fatty acids (PUFAs), sterols and others
[1,3].
Carotenoids, for instance, are a class of organic pigments from the
group of isoprenoids that have numerous biological functions. They are
fat-soluble and therefore, they present high solubility in non-polar
solvents. The β-carotene is one of the main types of carotenes, and it is
mainly known for being a natural precursor of vitamin A. It is a high-
molecular-weight compound that is formed by a hydrocarbon chain
without oxygen (C40H56) [4]. It is easily degradable by light, heat and
air, and its colour can vary from yellow to dark red, depending on its
purity, source and location. Some of the main natural sources of β-
carotene include plants, algae, microalgae [4] and fungi [5], but most
part of its production comes from synthetic methods.
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h  i g  h  l  i  g  h  t  s
• SEE-C  was  used  to encapsulate  astax-
anthin  in  ethyl  cellulose.
• Carrier  size  was tuned  by modifying
the emulsion  formulation.
• Encapsulation  efﬁciency  of 84%  was
reached.
• The  drug  did  not  lose  its  biological
activity  and  was  released  in almost
10 h.
g  r  a  p  h  i c  a  l  a  b  s  t  r  a  c  t
Nanocarriers  of astaxanthin  in  ethyl cellulose  were  produced  by  SEE-C  with  a  high encapsulation  efﬁ-
ciency.
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a  b  s  t  r  a  c  t
Supercritical  emulsions  extraction  (SEE)  technology  was  used  to encapsulate  astaxanthin  (AXT)  in  ethyl
cellulose (EC).  The  operating  parameters  were  8 MPa  and  311  K with  an  L/G  ratio  of 0.1 (CO2 ﬂow
rate  of  1.4  kg/h).  Several  emulsion  formulations  were  tested,  ﬁxing  the  oil-water  ratio  at 20:80  (ethyl
acetate/water)  and  varying  EC concentration  in  the oily  phase  from  1.0–2.5%  mass  and the  surfactant
amount  in  the  water  phase  from  0.1  to 0.6%  mass.  Both  parameters  inﬂuenced  carriers  morphology,
size  and  distribution;  a  correlation  between  the  EC  amount  in  oily  phase  and  its dynamic  viscosity  was
proposed  to explain  the  droplets/carriers  size  variation  observed.  Carriers  aggregation  was  monitored
at  surfactant  concentration  higher  than  0.3%  mass.  The  best  emulsion  formulation  was  obtained  using
1.0%  mass  of EC  in the oily  phase  and  0.1%  mass  of surfactant  in  the  water  phase;  in these  conditions
spherical  nanocarriers  with  unwrinkled  and  smooth  surface  were  obtained  with  a  size  of 242 nm  and
Poly  Dispersity  Index  of  0.16. EC mass  recovery  was  of  90%.  Higher  carrier  mean  size  of 363 nm  (Poly
Disperity  Index  of 0.31)  was measured  when  AXT  was  encapsulated  in  the same  conditions,  achiev-
ing  an  encapsulation  efﬁciency  of  84%.  The  carriers  were  loaded  with  21  mg/g  of  AXT  and  showed  an
excellent  antioxidant  capacity,  measured  as  Trolox  equivalent  (Trolox  equivalent  per  kg  of  pure  AXT),  and
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